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A series of studies were conducted to explore the effect of different size ranges and concentrations 
of magnetite nanoparticles on methane production from fresh and degassed anaerobically-digested 
sludge under different concentrations of acetate, propionate and glucose. Mesophilic digested 
sludge was used as fresh digested sludge and degassed digested sludge sat for one month at 36 ± 
1oC in an incubator. Magnetite was added at three different size ranges of small-sized (50 - 150 
nm) purchased from Sigma Aldrich, medium-sized (168 – 490 nm) synthesized via the 
hydrothermal method, and large-sized (800 nm - 4.5 µm) synthesized via the co-precipitation 
method at different concentrations of 0, 2, 7, and 20 mM. Initial concentrations of COD:VS ratios 
of 2:1, 4:1 and 8:1 of acetate, propionate, and glucose; as well further COD:VS ratios of 3:1 and 
6:1 of glucose were added. Methane production was monitored periodically over the incubation 
period and the cumulative maximum methane production was plotted with respect to time. Three 
replicates were done for each test. Kinetic parameters of lag phase duration and maximum methane 
production rate were estimated by fitting the modified Gompertz model to experimental methane 
production curves by nonlinear regression using SPSS software. The statistical analysis was done 
using a general linear model (GLM) procedure with SAS software. 
In the case of the degassed sludge, only the medium magnetite at 2 and 7 mM significantly 
enhanced the methane production rate by 12 %, as compared to the control (no magnetite). In 
addition, 2 mM of both small and medium-sized magnetite reduced the lag phase by 17 %, as 
compared to the control. Conversely, adding magnetite (regardless of the size and the 
concentration) to fresh sludge significantly increased the methane production rate by 32 % while 
simultaneously decreasing the lag phase by 15 % - 41 %, as compared to the control. No significant 
differences in both cumulative methane production and methane yield were observed in the 
presence of magnetite using either fresh or degassed sludge.  
The effect of magnetite is a function of magnetite concentration as well as substrate concentration 
and type. Increasing acetate and glucose COD:VS ratios from 2:1 to 4:1 in the presence of 
magnetite significantly increased the maximum methane production rate up to 2 times and 2.5 







contrast, by increasing the glucose COD:VS ratio from 3 COD: 1 VS to 6 COD: 1 VS, the 
maximum methane production rate in the presence of magnetite significantly decreased up to 1.9 
times; whereas it significantly decreased by 7.6 times in the control bottles. Also, increasing the 
acetate COD:VS ratio from 4:1 to 8:1 in the presence of magnetite significantly decreased the lag 
phase duration in the range of 7.7 % to 32.1 %; whereas in the control bottles, the lag phase 
significantly increased by 35 %. Similarly, increasing the propionate COD:VS ratio from 2:1 to 
4:1 and then from 4:1 to 8:1 in the presence of magnetite significantly increased in the lag phase 
duration around 4.4 days and 6.3 days, respectively; however, in the control bottles the lag phase 
increased around 6 days and 10 days, respectively. In addition, increasing the glucose 
concentration from 3 COD: 1 VS to 6 COD: 1 VS in the presence of magnetite significantly 
extended the lag phase in the range of 2 days to 11 days; whereas in the control bottles the lag 
phase significantly extended 24 days. On the other hand, the ratios of 4 COD: 1 VS and 8 COD: 1 
VS were the most suitable ratios for acetate and propionate when magnetite was added since they 
achieved a higher methane production rate by (59 % and 32 %) respectively. Magnetite was not 
able to easily trigger methane production when glucose concentration exceeded the ratio of 4 COD: 
1VS, as that increased the VFA production and accumulation rates which cause a pH drop.  
Using small-sized, medium-sized and large-sized magnetite, the theoretical calculations revealed 
that electrons transferred via the magnetite-direct interspecies electron transfer (DIET) method 
were higher than those transferred via interspecies hydrogen transfer (IET) from acetate 
degradation at rates 0.0498 x 106 and 0.539 x 106 and 35 x 106, as well from propionate degradation 
at rates 0.006272 x 106 and 0.0727 x 106 and 4.72 x 106 respectively. This strongly suggests that 
magnetite serves as electron conduits between electron-donating and electron-accepting 
microorganisms. In addition, the flux increases with the size of the magnetite particles. However, 
the size ratio between the particles and the bacterial cells might play a role and affect DIET 
promotion. 
These results confirm that adding magnetite to an anaerobic digester significantly enhances the 
rate of methane production in anaerobic digestion. However, this positive effect depends on the 
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 CHAPTER 1.  INTRODUCTION 
The development of renewable energy sources is of increasing interest to many countries seeking 
clean, affordable and reliable energy. As a renewable energy, biogas provides multiple 
environmental and economic benefits (Achinas et al., 2017). Biogas is Greenhouse Gas (GHG) 
neutral because it is produced from plant material. It is a non-toxic, clean-burning, and smoke-free 
fuel, odorless and colorless and burns with a blue flame similar to that of liquid petroleum gas 
(Stanley et al., 2013). Biogas can be used as vehicle fuel (Fallde and Eklund, 2015) as well as fuel 
to produce electricity (Nasir et al., 2012; Hakawati et al., 2017). One petajoule of biogas-derived 
energy produces 97.2 x 106 kWh electricity, equivalent to 22.2 x 106 L diesel fuel (Thiele and 
Mayes, 2008). 
Renewable energy is an important and significant part of New Zealand’s energy supply (Kelly, 
2011). Mainly hydro and other renewable sources (i.e. wind, solar, geothermal, and biogas) 
generated 81.9% of electricity in 2017 (M.B.I.E., 2018). According to the NZ biogas website 
(BANZ, 2019), most of the biogas (4.5 PJ) is produced by anaerobic digestion in landfills and 
wastewater treatment plants. Anaerobic digestion is used in many wastewater treatment plants to 
produce biogas from residual biological sludge, as is the case for the wastewater treatment plants 
in Christchurch and Palmerston North. The current estimate of the total energy equivalent of 
methane collected in New Zealand is around 50 megawatts (mostly used for heat and electricity in 
industry-scale applications); however, there is potential to increase rural biogas generation from 
food and animal waste. The NZ vision is to incorporate biogas recovery as the method of choice 
for future capacity additions at established wastewater treatment plants (Kelly, 2007; BANZ, 
2011). It is thought that biogas will become the main, sustainable source of heat, electricity, 
transport fuel and a future replacement for natural gas (BANZ, 2019). 
The underlying theory of anaerobic digestion has been established for decades; however, the 
technology still has some limitations in terms of application, particularly related to biogas 
production speed. Consequently, as the interest in biogas production from anaerobic digestion 
rapidly develops around the world, a significant research interest has arisen recently about 
improving the ability of anaerobic microorganisms to produce biogas from different substrate 







 CHAPTER 2.  LITERATURE REVIEW 
 
Anaerobic digestion (AD) is a typical method used for biological waste treatment where the 
population of microorganisms works in an interactive manner to break down and convert 
biodegradable organic matter into carbon dioxide and methane via two phases (Parkin and Owen, 
1986; Ariunbaatar et al., 2014). In the first phase (hydrolysis/acetogenesis) complex organic matter 
(carbohydrates, fats, and proteins) is hydrolyzed into dissolved smaller molecules (sugars such as 
glucose, fatty acids, and amino acids). These smaller molecules are then assimilated by 
fermentative bacteria into volatile acids (propionic, butyric, and acetic acid), hydrogen, and carbon 
dioxide. Long chain volatile acids are further degraded by obligate hydrogen- producing acetogens 
mainly into acetic acid, as well as hydrogen and carbon dioxide (Kleinstreuer and Poweigha, 1982; 
Holm‐Nielsen and Esbensen, 2011). In the second phase (methanogenesis), acetic acid, hydrogen 
and carbon dioxide are the precursors used directly by methanogenic microorganisms during 
methane production (Speece, 1983; Stams et al., 2006).  
The AD metabolic pathway is illustrated schematically in Figure 2.1. Complete degradation of 
volatile fatty acids (i.e. acetic and propionic acids) into methane is a key step in the anaerobic 
degradation of organic compounds where the communities have to grow in conditions that are 
close to thermodynamic equilibrium (Mawson et al., 1991). Propionate and acetate degradation 
into methane require syntrophic association between propionate-oxidizing bacteria that form 
acetate, H2, and CO2 from propionate and hydrogenotrophic methanogens that utilize the hydrogen 
and acetate to form methane (Boone and Bryant, 1980; Müller et al., 2010). It has often been 
reported that the slow syntrophic degradation of propionate is a critical limiting factor in anaerobic 









Figure 2.1. Schematic of anaerobic degradation process (adapted from George et al. (2003) and 
de Lemos Chernicharo (2007). 
 
According to the reactions shown in equation 1 to 4 (Angelidaki et al., 2011), approximately 72 % 
of the methane produced originates from acetate (McDonald, 2007; Khanal, 2008). However, the 
values of the change in free energy shown below indicate that more free energy is released in 
reaction 4, so thermodynamically it is more favourable. Reaction 1 is only energetically favorable 
(i.e. ΔGo' < 0) if the acetate and partial pressure of hydrogen  are kept at low levels (< 10-6 to 10-4 








4 Propionate− +  12 H2O →  4 Acetate
− + 4 HCO3
−  + 28H+ + 24𝑒−     ΔGo' = +304.4 kJ       (1) 
27H+ + 3 HCO3
−  +  24𝑒−   →  3 CH4  + 9 H2O                                              ΔGo' = -136 kJ        (2) 
Acetate− +  H2O          →   CH4 + HCO3
−                                                     ΔGo' = -31 kJ          (3) 
CO2 +  4H2                     →   CH4 + 2H2O                                                            ΔGo' = -139.1 kJ     (4) 
Accumulation of acetate and H2 lead to a pH drop, upsetting the methanogenic bacteria and 
reducing the production of methane. Hydrogen can also inhibit hydrogenotrophic methanogenesis 
if its concentration is higher than 100 ppm (Speece, 1996). Therefore, the complete degradation of 
soluble organic matter to methane requires a balanced population of obligate H2-producing 
acetogenic bacteria and H2-consuming methanogens, as well as an uninterrupted transfer of 
hydrogen between these two groups. This transfer is known as interspecies electron transfer (IET) 
(Bryant et al., 1977; Phelps et al., 1985; Whitman et al., 1992; Marchaim and Krause, 1993; Wu 
et al., 1993). 
 
Anaerobic digestion efficiency depends on a number of factors. These include, sludge age, organic 
loading, temperature, pH, carbon/nitrogen ratio, and retention time. These factors play a key role 
in methanogenesis and greatly influence metabolic conditions for the microorganisms’ growth. 
 
As noted before, methane production is performed by a consortium of interdependent 
microorganisms including hydrolytic, acid forming, acetogenic, and methanogenic bacteria. 
Angelidaki et al. (2009) suggested that fresh anaerobic sludge in particular has a wide microbial 
diversity which ensures a sufficient level of hydrolytic and methanogenic activity. Fresh sludge 
also has enough food to ensure a healthy food-microorganism (F/M) ratio (0.04-0.10 kg BOD/ kg 
MLVSS-d) which helps in achieving optimal production of biogas (De Vrieze et al., 2015; 







factor to meet target effluent standards (Speece, 1983). The balance between the mass of substrate 
consumption and the mass of biomass generation helps in achieving optimal production of biogas 
(Hadiyarto et al., 2015). However, when the sludge is aged (i.e. degassed) the F/M ratio becomes 
low, and as such, bacteria metabolism may be impaired (Manure, 2001; Hadiyarto et al., 2015). 
 
Organic load (OL) is a parameter commonly used to keep digestion balance. Organic load 
represents the amount of organic matter, often measured as volatile solids, fed into a digester (Mao 
et al., 2015). It affects the performance of anaerobic digestion in terms of volatile solids (VS) 
removal efficiency and methane yield (Gou et al., 2014). With increasing levels of OL above the 
optimum range (0.04 – 0.10 kg BOD/ kg MLVSS-d), the balance between the rate of 
hydrolysis/acidogenesis and methanogenesis can be greatly disturbed (Luste and Luostarinen, 
2010). As result of extremely high OL, the hydrolysis/acidogenesis bacteria are likely to have 
higher activity than the methanogens. This increases the concentration of VFAs and 
correspondingly causes a pH drop which leads to irreversible acidification and finally results in 
the inhibition of VFA conversion to methane gas (Nagao et al., 2012). Previous studies have stated 
that methane production depends on substrate concentration. For example, Sanchez et al. (2001) 
reported that an increase in the initial concentration of organic matter (3.3, 7.0, 12.0, 19.3 and 26.3 
g COD/L) caused an increase methane production yield. Chae et al. (2008) anaerobically digested 
swine manure at different feed loads (5 %, 10 %, 20 % and 40 % (feed volume/ digester volume)) 
at different temperatures within the mesophilic range (from 25 to 35oC). Results showed that 
feeding loads up to 20 % were the upper limit of applicable feed load of swine manure within 
mesophilic digestion ranges (from 25 to 35oC). In addition, regardless of the digestion temperature, 
increasing the feed load from 5 % to 40 % decreased the biogas yield (CH4 L/g VS added) with 
approximately 54 % reduction in the methane yields at 40 % feed load. Similarly, Zhang et al. 
(2014) conducted batch experiments at four feed loadings (40, 50, 65 and 80 g VS/L) under 
mesophilic conditions. Their results showed that the cumulative methane production decreased by 







g VS/L. Furthermore, Tanimu et al. (2014) conducted batch experiments under mesophilic 
conditions (37oC) at feed loading of 0.5, 1.5, 3.5 and 5.5 g VS/L. Their results showed that methane 
production increased with increasing the feed loading up to 3.5 g VS/L in the digester and then 
decreased at 5.5 g VS /L. In addition, the gas production continued up to day 30 (except at 0.5 and 
5.5 g VS/L) where biogas production stopped on day 26 and 28 respectively. Adding low substrate 
concentration (0.5 g VS/L, i.e. limited feed loading) caused interruption in the gas production. 
However, the pH decreased rapidly with increasing the feed loading due to significant volatile 
fatty acids (VFA) production and accumulation. 
The effect of volatile fatty acids on methanogenesis has been widely studied (Hanaki et al., 1981; 
Van Lier et al., 1993; Ahring et al., 1995; Wong et al., 2013), and it is widely accepted that 
propionic acid inhibits methanogenesis more strongly than acetic or butyric acid. Siegert and 
Banks (2005) investigated the effect of VFA in batch anaerobic digestion. A synthetic mixture of 
volatile fatty acids (18 % acetic acid, 50 % propionic acid, 5 % butyric acid, 27 % other VFA) was 
added as a substrate at the concentrations of 0, 1, 2, 4, 6, 8, 10, 12, 16 and 20 g /L. The results of 
daily biogas production showed that by increasing the VFA concentration; the methane percentage 
in the biogas decreased (as compared to the carbon dioxide percentage). The methane to carbon 
dioxide ratio in the biogas for the VFA concentrations of 1, 2, 4 and 6 g were 1:1.25, 1:1.5, 1:1.9 
and 1:33, respectively. In addition, no biogas production was observed above a VFA concentration 
of 6 g/L. These results suggest that an increase in the concentration of VFA causes inhibition in 
the methane production.  
 
Microorganisms’ activity, especially that of methanogens, is very sensitive to temperature 
changes, which directly affect the methane production. Many studies have examined the effect of 
temperature on methane yield in the anaerobic digestion process (Angelidaki and Ahring, 1994; 
Hansen et al., 1999; Lee et al., 2009; Zhang et al., 2009; Jiang et al., 2013; Bowen et al., 2014 ; 
Gou et al., 2014). These studies suggest that temperature and microbial activity act in tandem; that 







been reported that as temperature decreases, the VFA production rate, substrate utilization rate, 
and the methanogenic activity all decrease, resulting in increased lag periods for the onset of 
methanogenesis (‘start-up’ times); thus methane yields also decrease (Bowen et al., 2014). In the 
temperature range of 20 to 40 °C, methane production at 40 °C was 2.49 times higher than that at 
20 °C (Gou et al., 2014). Lee et al. (2009) examined the effect of temperature on methane yield in 
the anaerobic digestion process of food waste leachate (FWL). Four different temperatures, 25, 35, 
45 and 55 °C, at a pH of 7.8, were investigated for a period of 20 days. The highest cumulative 
methane yield (CMY) obtained was found at 35 °C, while the CMY at 25, 45 and 55 °C were 
lower by 8%, 13% and 32%, respectively, than the value obtained at 35 °C. Similar observations 
were also reported by Zhang et al. (2009) demonstrating that higher methane production was 
achieved at 35 ± 2 °C in comparison to 55 ± 2 °C at any pH (4.0- 11.0). Jiang et al. (2013) have 
also reported that better VFA production was observed at 35 °C compared to 45 and 55 °C. Another 
study confirmed these results and concluded that with the increase of operating temperature from 
37 °C to 60 °C, biogas yield continuously decreased (Angelidaki and Ahring, 1994; Hansen et al., 
1999). In general, it has been reported that the optimum reaction temperatures for microbial growth 
and activity under mesophilic and thermophilic conditions are 35 – 37 °C and 55 – 60 °C, 
respectively (Nguyen et al., 2007; Bowen et al., 2014). 
 
As defined by Trussell et al. (1989), pH is the intensity of the acidic or basic character of a solution 
or hydrogen ion activity at a given temperature. pH changes have a significant effect on the 
microbial community and substrate degradation and therefore on methane production. It has been 
observed that when fermentative bacteria convert glucose to hydrogen at a pH range of 4.0 – 7.0, 
the growth rate of microorganisms increases as pH increases to 7.0. This was accompanied by an 
increased degradation of glucose where the maximum degradation was achieved for pH ranging 
5.5 – 7.0. In addition, at low pH (4.0 – 5.5) methane production was not observed; however, it 
increased drastically to be 3 ± 1 % at pH 6.0 and 9 ± 1 % at pH 7.0 (Fang and Liu, 2002). Methane 







production was observed in most cases at pH 7.0 (Zhang et al., 2009). The degradation of total 
suspended solids (TSS) and volatile suspended solids (VSS) is also significantly affected by pH. 
In a previous study, four reactors for the treatment of urban solid waste were set up at 37 °C, three 
were controlled at pH 6.0, 7.0, and 8.0, and one was run without pH control (Dinamarca et al., 
2003). The best results for organic degradation rate were achieved at pH 7.0 and 8.0 where TSS 
degradation reached near 75% and VSS degradation near 80%. In addition, it has been shown that 
volatile fatty acids (VFA) composition and soluble chemical oxygen demand (SCOD) are affected 
by the level of pH (Fang and Liu, 2002; Zhang et al., 2009; Jiang et al., 2013). For example, the 
effect of pH was investigated by operating four reactors at pH 5.0, 6.0, 7.0, and without pH control, 
all of them at 35 °C (Jiang et al., 2013). The greatest VFA and SCOD concentrations occurred at 
pH 6.0. A similar trend was observed for the VFA/SCOD ratio, which shows how much soluble 
substance is converted into VFA. In any anaerobic digestion process, a stable pH and optimal 
biological activity is required to make methanogenesis more efficient. The methanogens’ activity 
is greatly reduced at acidic (lower pH level) and alkaline (higher pH level) conditions (Zhang et 
al., 2009). Methanogens prefer almost neutral pH conditions with a general range between 6.5 and 
8.2 and the optimal pH is 7.0 (Ağdağ and Sponza, 2005; Lee et al., 2009).  
 
Methane production is sensitive to the carbon and nitrogen content of organic materials (Mao et 
al., 2015). A higher carbon content supplies more carbon for methane production, whereas a 
considerable amount of nitrogen is needed to maintain microbial activity and growth (Wu et al., 
2010). The C/N ratio is important to control biological treatment systems (Wang et al., 2012). On 
one hand, as the C/N ratio becomes too low, ammonia starts to accumulate, the pH value increases 
and this inhibits methanogenic bacteria. On the other hand, if the C/N ratio becomes too high, 
methanogens consume nitrogen rapidly resulting in decreasing gas production (Wang et al., 2012; 
Jiang et al., 2013).  
Biogas production is greatly increased when there is a good balance between carbon and nitrogen 







mesophilic condition (35 ± 1 °C) with different C/N ratios of 21.9, 26.23, and 35.61. The highest 
biogas yield was obtained with the C/N ratio of 21.19 (Jiang et al., 2013). In another study, C/N 
ratios of 15, 20, 25, 30, and 35 were tested at a temperature of 35°C, while C/N ratios of 20, 25, 
30, 35, and 40 were tested at a temperature of 55°C. The highest methane potentials were observed 
with C/N ratios of 25 and 30 at 35 °C and 50 °C respectively (Gou et al., 2014). Previous studies 
show that the ideal C/N ratio ranges from 20 to 35 for anaerobic digestion with a ratio of 25 being 
the most commonly used (Punal et al., 2000; Nguyen et al., 2007; Wu et al., 2010; Zhang et al., 
2013; Gou et al., 2014; Wang et al., 2014). 
 
Retention time (RT) is the number of days which are required to complete organic matter 
degradation (Villain and Marrot, 2013). Two major types of retention time, hydraulic retention 
time (HRT) and solid retention time (SRT), affect biogas production (Bolzonella et al., 2005; Kim 
et al., 2006; Nges and Liu, 2010; Aslanzadeh et al., 2013; Gou et al., 2014; Kwietniewska and Tys, 
2014; Mao et al., 2015). Hydraulic retention time (HRT) is the time the liquid spends in the 
anaerobic digester and is equal to the biological digester volume (V) divided by the influent flow 
rate (Q). Too short HRTs usually result in VFA accumulation, whereas longer than optimum HRT 
causes ineffective utilization of digester components (Nagamani and Ramasamy, 1999). The solid 
retention time can be defined as the average time that microorganisms (solids) spend in the 
anaerobic digester (Ogejo et al., 2009; Kwietniewska and Tys, 2014). Effective retention time 
depends on temperature, organic load and substrate composition (Mao et al., 2015). There is a 
clear relationship between the applied HRT, SRT and biogas production; in particular, too low or 
too high SRT values result in low biogas production (Manure, 2001; Bolzonella et al., 2005; Nges 
and Liu, 2010). Bacteria need sufficient time (SRT) to grow and restore accidental loss via the 
effluent. Once bacteria loss exceeds their growth rate, wash-out occurs and the digestion process 








Some anaerobic microorganisms transfer electrons between them using hydrogen and formate as 
electron carriers in what is known as interspecies electron transfer mechanism (IET) (Bryant et al., 
1977; Phelps et al., 1985; Marchaim and Krause, 1993). In recent years, it has been hypothesized 
that the electron transfer in anaerobic digestion proceeds also by direct electric current between 
electron-donating and electron-accepting microorganisms (DIET) via membrane-associated 
cytochromes or conductive pili for electron exchange (Morita et al., 2011; Liu et al., 2012a; 
Shrestha et al., 2013; Rotaru et al., 2014a). This hypothesis was firstly put forward by Summers et 
al. (2010) in defined co-cultures of G. metallireducens and G. sulfurreducens where ethanol was 
the electron donor and fumarate was the electron acceptor. Although, G. metallireducens cannot 
use fumarate as an electron acceptor and G. sulfurreducens cannot oxidize ethanol, it was found 
that a co-culture of G. metallireducens and G. sulfurreducens stimulated the release of electrons 
during the oxidation of ethanol and the acceptance of the electrons during the reduction of fumarate 
to succinate. They observed that Geobacter species were able to create electrically conductive 
aggregates that facilitated the transfer of electrons. They concluded that DIET was the predominant 
electron transfer mechanism under certain conditions for effective electron transfer. Some 
methanogens, either Methanosarcina barkeri (Rotaru et al., 2014a) or Methanosaeta 
harundinacea (Rotaru et al., 2014b), have also been observed to create direct electrical connections 
with a G. metallireducens co-culture thus allowing electrons to be transferred directly in the 
conversion of carbon dioxide to methane. Table 2.1 summarizes observational and experimental 
evidence for DIET in anaerobic digestion where ethanol oxidation under conditions occurred, even 








Table 2.1. Evidence for DIET in defined co-cultures 
Reference Electron donating Electron accepting Observation 
    
Summers et al. 
(2010) 
G. metallireducens G. sulfurreducens Formation of electrically 
conductive aggregates 
 
Rotaru et al. 
(2014a) 
G. metallireducens Methanosarcina 
barkeri 
Formation of close 
aggregates 
    
Rotaru et al. 
(2014b) 
G. metallireducens Methanosaeta 
harundinacea 




Compared with IET, DIET does not require complex and multiple enzymatic steps for electron 
transfer. Storck et al. (2016) found that the external electron transfer rate for DIET (44.9 × 103 e-
/cell pair/sec) was higher than for IET (5.24 × 103 e-/cell pair/sec). Furthermore, Jing et al. (2017) 
found that the Gibbs free energy was more negative and a higher propionate degradation rate was 
achieved for DIET as compared to IET. 
 
Growing evidence shows that the supplementation of conductive materials and minerals, such as 
carbon cloth (Chen et al., 2014), biochar (Zhao et al., 2015), activated carbon (Liu et al., 2012a), 
hematite (Kato et al., 2010; Kato et al., 2012a) and nanoscale zero-valent iron (Carpenter et al., 
2015; Suanon et al., 2016), can facilitate the DIET mechanism. The microorganisms seem to 
tightly attach to the surface of the conductive materials and form electrical currents, which enhance 
microorganisms to get involved in DIET thereby increasing methane production (Lovley, 2011; 
Kato et al., 2012b; Cruz Viggi et al., 2014; Park et al., 2018). For example, Luo et al. (2015) 
conducted mesophilic anaerobic batch tests in 500 mL serum bottles which were inoculated with 
1 g VS/L of crushed anaerobic granular biomass, fed with 4, 6 and 8 g/L of glucose in the absence 
(control bottles) and presence of biochar (treatment bottles). The results showed that the lag phase 
was reduced significantly by 11 %, 30 % and 22 % and the maximum methane production rate 







respectively in the treatment bottles as compared to the control bottles. In addition, Tian et al. 
(2017) conducted batch experiments in 250 mL serum bottles that contained 0 mg/L (control), 30 
mg/L and 120 mg/L of nano-graphene and glucose as carbon source with a concentration of 2 g 
COD/L for two weeks. They found that the relative methane production rate was accelerated by 
17.0 % and 51.4 % with 30 mg/L and 120 mg/L of nano-graphene respectively as compared to the 
control. These results confirm that adding conductive materials triggers DIET and consequently 
enhances methane production. The interspecies electron transfer mechanisms involved in 








Figure 2.2. Mechanisms of (A) indirect interspecies electron transfer (IIET) via hydrogen, (B) 
Direct interspecies electron transfer (DIET), and (C) conductive material-mediated DIET (Adapted 








Magnetite is one of the most promising conductive minerals that boosts and sustains DIET. 
Magnetite can be synthesized easily by the addition of stoichiometric amounts of Fe2+ and Fe3+ in 
a basic solution with particle size control possible (Kang et al., 1996). Furthermore, their 
superparamagnetic properties allow for easy and rapid separation from a bioreactor effluent via a 
magnetic field (Keyhanian et al., 2011). In addition, the most important characteristic of magnetite 
as a promoter for DIET is its conductivity. The distinctive electrical conductivity properties of 
magnetite particles (Cruz Viggi et al., 2014) enable them to serve as conduits for electron exchange 
(Nakamura et al., 2009). These properties make magnetite suitable for use in experiments to test 
whether conductive materials stimulate DIET mechanism. 
It has been documented that Geobacter and Methanosarcina species exchange electrons via MNP 
accelerating the conversion of intermediates of organic substrate into methane (Kato et al., 2012a; 
Yamada et al., 2015). Kato et al. (2010) suggested that magnetite is used by some bacteria 
(particularly Geobacter species) for transporting electrons to distant terminal acceptors. This 
suggestion has been supported later by Kato et al. (2012b) who found that electric currents were 
generated from G. sulfurreducens to Thiobacillus denitrificans through acetate oxidation and 
nitrate reduction in the presence of MNP. Additionally, Aulenta et al. (2013) confirmed that MNP 
stimulated the reductive dechlorination of trichloroethene (TCE), a groundwater pollutant, by 
allowing electrons to be transferred extracellularly from acetate-oxidizing to TCE-dechlorinating  
microorganisms.  
Adding magnetite to promote DIET has been studied with several intermediates of organic 
substrate in mixed cultures. Cruz Viggi et al. (2014) first studied the effect of adding magnetite on 
propionate degradation with rice paddy soil as inoculum. They found that the methane production 
rate was 33 % higher as compared to the control; they suggested that this enhancement resulted 
from magnetite mediated DIET working as an electron conduit between microorganisms. In 
addition, Yamada et al. (2015) revealed that faster degradation of acetate and propionate occurred 







benzoate as a substrate and found that its degradation rate in the presence of magnetite was 
increased by 53 % as compared to a control.  
On the other hand, there are some limitations of magnetite being promoting DIET. It has been 
reported that DIET was only detected in cocultures of Geobacter species, and in  cocultures of G. 
metallireducens with Methanosaeta harundinacea (Stams and Plugge, 2009) or Methanosarcina 
barkeri (Rotaru et al., 2014a); however, in some studies Geobacter species are existing in low 
percentages or even absent. In addition, DIET requires outer membrane c-type cytochromes and 
pili (Lovley, 2017) but syntrophic fatty acid-degrading bacteria (e.g., Syntrophomonas wolfei and 
Syntrophus aciditrophicus) (Sieber et al., 2014) and most methanogens (i.e. Methanopyrales, 
Methanococcales, Methanobacteriales and Methanomicrobiales) (Thauer et al., 2008) does not 
have the genes. Moreover, not all microorganisms are able to perform direct interspecies electron 
transfer as a known syntrophic ethanol oxidizing bacterium (Pelobacter carbinolicus), that could 
only establish syntrophic interactions with Geobacter sulfurreducens via IET (Rotaru et al., 2012) 
although it contains c-type cytochromes (Haveman et al., 2006). 
 
Cruz Viggi et al. (2014) reported that, during the first of two feeding cycles, a mesophilic 
methanogenic culture amended with nanometre-sized (100–150 nm) magnetite particles started 
the degradation of propionate after 6 days of initial incubation and completed it after 48 days; 
compared to 16 and 55 days, respectively, in the absence of MNP. This translates to a reduction 
of 62.5 % in the lag-phase time and 12.7 % in the length for methane production, and a 33 % 
increase in the methane production rate. Similarly, in the second feeding cycle, the maximum rate 
of methane formation in magnetite-amended bottles was 31 % higher than that in unamended 
bottles. It is worth mentioning that complete degradation of propionate took approximately 16 days 
regardless of whether MNP were added or not. Also, acetate was the only organic acid derived 
from propionate which reached a peak concentration at day 34 and was depleted at day 55 in MNP-
supplemented bottles compared to 42 and 58 days, respectively, in the non-supplemented bottles, 







Similarly, Yamada et al. (2015) investigated the enhancement of methanogenic degradation of 
volatile fatty acids (i.e. 20 mM acetate and 25 mM propionate) by supplementation of magnetite 
(anaerobic stock solution 5 and 10 mM). The results showed that the acetate decomposition rate 
was significantly enhanced by the supplementation of 5 and 10 mM magnetite (15 vs 23 days), as 
compared to the control. The supplementation of 5 mM magnetite also significantly enhanced the 
degradation rate of propionate, which was completely degraded within 50 days, as compared to 
150 days in the control. This indicates that the methane production rate was accelerated by 60 % 
and 30 % from propionate and acetate, respectively, by the addition of magnetite. 
Magnetite nanoparticles also have the capability of enhancing methane production in paddy-soil 
enrichment. For example, it has been reported that in a semi–continuous paddy-soil enrichment, 
the time period of methane production from acetate in 8-10 nm of magnetite-amended bottles was, 
on average 35.8 % shorter and the methane production rate was 60 % higher than in the unamended 
bottles (Yang et al., 2015b). Consistent with these results, previous studies on batch incubation of 
paddy-soil enrichments with acetate revealed that a significant increase of more than 30 % in the 
methane production rate was achieved by adding magnetite (10-50 nm) (Kato et al., 2012a; Zhou 
et al., 2014).  
Furthermore, another study on paddy-soil conducted by semi–continuous enrichment with 
propionate and magnetite supplement showed that the length of the lag-phase and the methane 
production period were on average 43.3 % and 31.7% shorter, respectively, than in a non-
magnetite-supplemented control. Apparently, propionate was depleted sooner with magnetite 
supplementation even though the lag-phase time was prolonged. Consequently, the rate of methane 
production was higher, on average 93 %, compared to that in the non-supplemented control (Yang 
et al., 2016). 
A recent investigation about the effect of adding magnetite (8-10 nm) to a paddy-soil enrichment 
using ethanol as a substrate revealed that in the magnetite-amended bottles the rate of methane 
production was on average 17 times higher and the lag-phase time was on average 60 % shorter 
than that of the unamended bottles (Yang et al., 2015a). The results reported by Kato et al. (2012a) 







production was reduced (on average 18 %) and the rate of methane production was increased (on 
average 45 %) as a result of adding magnetite compared to control bottles (without magnetite). 
Moreover, the use of magnetite 6.4 mM Fe ion and 25mM as Fe atoms also enhanced and 
stimulated butyrate and benzoate degradation as well as methane production rates respectively (Li 
et al., 2015; Zhuang et al., 2015a). 
Jing et al. (2017) conducted an experiment in which the control reactor contained 30 mM of 
propionate only, while the second reactor contained 30 mM propionate and 10 mg/L nano 
magnetite. The results showed that 10 mg/L conductive magnetite enhanced the methane 
production rate from propionate by around 44 % in batch experiments. Additionally, Abdelsalam 
et al. (2017) examined methane production from slurry digestion with the addition of  20 mg/L of 
synthesized magnetite nanopowder (7 ± 0.2 nm). Their results showed that the highest methane 
percentage (79.3 %) was produced by the addition of 20 mg/L of magnetite (as compared to the 
control). 
Recently, Zhuang et al. (2018) confirmed the ability of magnetite to enhance methane production 
even under high ammonia levels (which is considered a toxic environment for syntrophic acetate 
oxidization). The authors used fresh mesophilic anaerobic sludge as an inoculum, magnetite (25 
mM as Fe atoms, 50–100 nm) as an additive, and acetate as a substrate. Their results showed that 
magnetite nanoparticles increased the methane production rate from acetate by 36 – 58 %, as 
compared with the anaerobic reactors (without magnetite) under the same ammonia level (5.0 g/L 
NH4
+–N).  
More recently, Beiki and Keramati (2019) conducted an experiment to measure biogas production 
from sugar beet waste. Magnetite nanoparticles, chitosan, and titanium dioxide were used 
separately as additives. The results showed that adding magnetite nanoparticles led to a slight 
increase in methane production as well as volatile solid and total solid reduction in the anaerobic 








Namal (2019) showed that DIET through conductive materials cannot however be easily 
stimulated for complex organics. They investigated the effects of 1 g/L dose of four different 
conductive materials on anaerobic degradation by using batch anaerobic reactors. Commercial 
magnetite (0 –75 μm), graphite (0–50 μm), granular activated carbon (15–75 μm) and iron sulfate 
were added as a conductive material and 50 % glucose solution (concentration of 4000 mg soluble 
COD/L) was used as a substrate. Their results showed that there was no significant difference in 
total methane production between treatments (averaged 769.4 mL) except for the granular 
activated carbon reactor that had the lowest methane production (540.1 mL). In addition, the 
methane production rates reached a maximum for all reactors at day 5. After that, methane 
production rates decreased for all reactors, which indicates that after day 5 further decomposition 
of substrates into organic acids is limited. They also observed a significant decrease in the lag time 
in the magnetite reactor, as compared to the control reactor (0.65 vs 1.28 days) followed by the 
graphite (1.03 days) and iron sulfate (1.17 days) reactors, respectively. However, the longest lag 
phase time was observed by adding granular activated carbon (1.62 days). 
From the above research, it is clear that the addition of magnetite nanoparticles results in a 
significant increase in the methane production rate and a decrease of the lag phase. This was 
corroborated theoretically by Cruz Viggi et al. (2014) who estimated the maximum electron flux 
from acetogenic to methanogenic microorganisms during the oxidation of propionate and the 
reduction of CO2 to be around 10
6 times higher via electronic conduction with magnetite (i.e. direct 
interspecies electron transfer) than via hydrogen diffusion (i.e. interspecies hydrogen transfer). 
Therefore, methane production rate seems to be enhanced by a greater electron transfer when 
magnetite is present in the medium. In contrast, it has been shown that the addition of magnetite 
nanoparticles do not change the total methane yield (Yamada et al., 2015; Yang et al., 2015b; Yang 
et al., 2016). That is, the total amount of methane produced was approximately in the expected 
range regardless of the presence or absence of MNP. On the other hand, the amount of methane 
eventually produced from VFA (e.g. propionate, acetate) was either lower or higher than the 
predicted value from the stoichiometry of the classical degradation pathway (Kato et al., 2012a; 
Cruz Viggi et al., 2014; Yamada et al., 2015; Yang et al., 2015b). If magnetite nanoparticles do 







(source of iron) by the microorganisms. In line with that, one would also expect an increase in 
methane yield when ferrihydrite (which is also a source of iron) is used. However, this suggestion 
has been disproved by Kato et al. (2012), Li et al. (2015) and Yamda et al. (2015) who showed 
that the methane yield was higher in the control bottles (without ferrihydrite) than that in the 
supplemented bottles (with ferrihydrite) indicating that the use of ferrihydrite either suppressed or 
inhibited methanogenesis. As such, ferrihydrite could not be used as a nutrient (source of iron 
ions).  
Physical and chemical characteristics of nanoparticles such as the surface area, the electrical 
conductivity, and the purity can potentially influence biological reactions (Martins et al., 2018). In 
addition, during the synthesis process, some nanoparticle metals may combine, causing an 
inhibitory or even a toxic environment to microbial communities (Faisal et al., 2019). In particular, 
there are some reports that directly indicate that nanoparticles can inhibit methanogenic activity. 
For example, high concentration of magnesium oxide and silver nanoparticles (up to 500 mg/g 
TSS) were shown to inhibit methane production (Martins et al., 2018). There is little evidence in 
the literature however that magnetite particles have an inhibitory effect on the production of 
methane. For example, Kato et al. (2012a) reported that magnetite may change the microbial 
community in that Methanobacterium was only observed in a control culture during the addition 
of magnetite to anaerobic digesters which means that they experienced inhibition in the presence 
of magnetite. 
 
Many factors influence the performance of magnetite nanoparticles including their size and dose, 
substrate type and dose, and the sludge type and microbial community dynamics. Therefore, 
gaining a better understanding of how these factors affect MNP performance would allow for 








The stimulatory effect of magnetite nanoparticles on methane production seems to be dose and 
size dependent (Jiang et al., 2008; Verma and Stellacci, 2010; Abdelsalam et al., 2017). Casals et 
al. (2014) found that biogas production was 66.6 % higher when using 7 nm MNP than when using 
a size of 24 nm. Besides that, the released free iron ions when using 7 nm particles was 23 mg/L 
while the concentration was 0 mg/L at the 24 nm size. This suggests that using a small size (8-10 
nm) increases the activity of methanogens and boosts the methane production rate. Furthermore, 
recent studies indicated that, when using a nanoparticle size of 8-10 nm, the rate of methane 
production was 60 % higher than that of the control (no MNP), but only 30 % higher when using 
a larger nanoparticle size of 10-50 nm (Kato et al., 2012a; Yang et al., 2015b).  
Li et al. (2015) showed that with different MNP concentrations (0.0213, 0.213 and 2.13 mM) 
methane production increased with the concentration of MNP. In addition, Casals et al. (2014) 
showed that methane formation increased when the MNP concentration was increased from 0 to 
1.166 mM and then decreased when the MNP concentration was increased above 1.166 mM. 
Similarly, the result of testing MNP at increasing concentrations above 20 mM (80, 160 and 320 
mM) showed that the methane production (rate and amount) was not improved (Yang et al., 2015b; 
Yang et al., 2016). This suggests that there is a MNP concentration limit for a positive effect on 
methane formation and above that limit methanogenesis decreases or is inhibited.  
These observations indicate how magnetite concentration and size critically affect the methane 
production rate. In short, much higher or much lower concentrations and very small or very large 
sizes inhibit the methane production process. Overall, however, it is difficult to compare studies 
as many factors besides magnetite size and concentration play a role in methanogenesis. Therefore, 
within the parameters of any experiment, it is important to monitor the MNP size and concentration 








The effect of MNP on anaerobic digestion performance seems also to be related to the substrate 
type and dose. The result of testing MNP without an external substrate showed that the methane 
production rate was higher in the absence of MNP than in their presence (Cruz Viggi et al., 2014). 
This suggests that a minimum concentration of substrate is required for magnetite nanoparticles to 
serve as electrical conduits. Most studies have focused on using either acetate (Kato et al., 2012a; 
Zhou et al., 2014; Yamada et al., 2015; Yang et al., 2015b) or propionate as a substrate (Cruz Viggi 
et al., 2014; Yamada et al., 2015; Yang et al., 2016). Fewer studies have tested butyrate, ethanol 
or cellulose (Casals et al., 2014; Li et al., 2015; Yang et al., 2015a). 
In addition, further studies showed that the methane production rate increased with increasing the 
concentration of acetate and propionate up to 50 and 20 mM respectively; whereas no significant 
enhancement in methane production rate was observed when substrate concentrations were 
increased above those limits (Yang et al., 2015b; Yang et al., 2016). These results suggest that in 
the presence of MNP, a substrate would give a good performance for methane production if it is 
provided within a suitable concentration range.  
 
The efficiency of MNP also seems to be linked to the sludge type and the structure of the microbial 
community. Yang, Shi, et al. (2015) tested the effect of MNP on soils from three different rice 
fields, each of them with a different microbial composition. The result showed different response 
to MNP since different values of methane rate production (2.0, 4.5, 4.5 mmole/d) were obtained.  
So far, most experiments on the effect of MNP have been conducted using fresh bacterial 
enrichments from paddy soil samples (Kato et al., 2012a; Zhou et al., 2014; Li et al., 2015; Yang 
et al., 2015a; Yang et al., 2015b; Yang et al., 2016). Fewer studies have used fresh anaerobic 
methanogenic cultures from municipal wastewater treatment plants (Cruz Viggi et al., 2014; 
Yamada et al., 2015; Suanon et al., 2016). Considering these experiments, since magnetite showed 







degassed) sludge may also produce positive results in terms of methane production. Challenges 
still exist, however, as there is insufficient research reviewing the impact of adding magnetite 
nanoparticles on methane production on different ages of sludge. 
The evidence above suggests that magnetite enhances the methane production and many factors affect 
the performance of magnetite on methane production. To date, most studies investigate the effect 
of a specific size and concentration of magnetite on methane production from a specific substrate 
type and concentration in fresh co-cultures. However, there is a need to have a greater 
understanding of the effect of magnetite on methane production when more complex substrates 
are used, especially under different community metabolic conditions. Thus, the interest of this 
research is to systematically study the effect of magnetite concentration and size on methane 
production from different substrate concentrations in different sludge cultures. As well for the first 










The main goal of this research was to identify the conditions that favor maximum methane 
production rate in the presence of magnetite. More specifically, the objectives were first to study 
the effect of magnetite particles on methane production using fresh and aged (i.e. degassed) sludge 
and secondly to study the effect of magnetite concentration on methane production in the presence 
of different concentrations of propionate, acetate, and glucose. These objectives were 
accomplished in three phases: 
Phase І explored the conditions that enhance or inhibit methane production in magnetite-amended  
anaerobic digestion. For that objective, preliminary batch test experiments were conducted to 
explore the conditions that improve methane production in the presence of magnetite. First, batch 
test calibration experiments were carried out to examine the stability of an anaerobic batch bottle 
and identify suitable concentration of VS.  Batch tests were also carried out to explore the effect 
of magnetite dose on methane production from acetate and propionate, the effect on methane 
production of using magnetite synthesized in the lab or sourced from a commercial manufacturer, 
and finally the effect of using magnetite from a suspension. 
Phase ІІ explored the effect of magnetite on methane production using two different sludge ages. 
Fresh and degassed sludge were tested with 2 and 7 mM of small, medium and large sized 
magnetite. 
Phase ІІІ explored the effect of using propionate, acetate and glucose under different 
concentrations on methane production. Acetate, propionate (with three different concentrations) 
and glucose (with five different concentrations) were added separately as a substrate into the serum 







 CHAPTER 3. MATERIALS AND METHODS 
 
As mentioned, this research has two overall objectives: the first is to investigate and compare the 
effect of conductive magnetite on methane production when using a fresh digested sludge and 
when using a degassed digested sludge. The second is to evaluate the effect of the concentration 
of propionate, acetate and glucose on methane production in the presence of different magnetite 
concentrations. To achieve these objectives experiments were conducted with the following goals: 
 Synthesize magnetite by the co-precipitation and hydrothermal methods. 
 Examine the stability of an anaerobic batch bottle (i.e. identify suitable concentrations of 
VS and sufficient COD:VS ratios) (Run1). 
 Conduct preliminary experiments to see the effect of adding magnetite on methane 
production (Run 2, Run 3, Run 4 and Run 5). 
 Investigate the effect of using different size ranges and concentrations of magnetite using 
fresh vs degassed digested sludge. 
 Measure the total organic carbon of the digested sludge liquor for up to a month to find out 
how it changes from fresh to degassed sludge with time. 
 Analyze the concentration of dissolved iron in the anaerobic batch medium over time to 
assess the dissolution of magnetite. 
 Evaluate the effect of adding propionate and acetate with three different COD:VS ratios (2 
COD: 1 VS, 4 COD: 1 VS and 8 COD: 1 VS).   
 Evaluate the effect of adding of glucose with five different COD:VS ratios (2 COD: 1 VS, 
3 COD: 1 VS, 4 COD: 1 VS, 6 COD: 1 VS and 8 COD: 1 VS).  
 Measure the volatile fatty acid, the glucose concentration and pH to see how they affect 










The seed digested sludge samples were collected from a mesophilic anaerobic digester fed with 
sludge from the primary sedimentation tanks and final clarifiers at the wastewater treatment plant 
(WWTP) located in the Bromley suburb of Christchurch, New Zealand. The WWTP receives 
mostly domestic wastewater with a small portion of industrial effluents. The samples were either 
used fresh (i.e. immediately after collection) or degassed (i.e. after incubation for up to one month) 
under anaerobic conditions at 36 ± 2oC.  
 
Several stock solutions of acetate, propionate, and glucose were prepared at different 
concentrations. The pH was measured using a pH meter and adjusted if necessary by sodium 
bicarbonate to around 7-7.8.   
 
Magnetite nanoparticles (MNP) were prepared by either the  co-precipitation or the  hydrothermal 
methods (Kang et al., 1996; Du et al., 2012).  
The co-precipitation method is simple and effective; however, the prepared particles are not very 
stable under ambient conditions and easily adsorb oxygen to form maghemite (Lu et al., 2007; Ali 
et al., 2016). Different factors affect the stability of the prepared nanoparticles such as preparation 
temperature, mixing speed, and presence of oxygen (Lu et al., 2007; Mascolo et al., 2013). As 
such, MNP were prepared via the co-precipitation method described by Kang et al. (1996) under 
high temperature of 80-100oC (Ozkaya et al., 2009) and under a flow of nitrogen gas (Kim et al., 







For co-precipitation synthesis, a sodium hydroxide (1000 mL, 1.5 M) solution was deoxygenated 
by purging with nitrogen gas for 30 min and heating to 80oC. At the same time, 8.0 g of FeCl2 and 
20.8 g of FeCl3 were dissolved in a combined volume of 3.4 mL of 12.1 N HCl and 100 mL of 
deoxygenated water (i.e. nitrogen sparging for 30 min). Following that, the resulting solution of 
iron oxides was slowly dribbled into the sodium hydroxide solution using a dropping funnel under 
vigorous stirring (i.e. 1300 rpm) (Figure 3.1). During this preparation step, the reaction medium 
was kept under a flow of nitrogen gas and the temperature was controlled at 80 – 100oC to prevent 
the introduction of oxygen to the solution. An instant black precipitate of magnetite (Fe3O4) was 
generated which was separated from the liquid with an external magnetic field to check the 
paramagneticity. After that, the black precipitate was washed by adding deoxygenated water and 
the solution decanted after centrifugation at 4000 rpm. This was done several times. Finally, the 
magnetite precipitate sample was dried in an oven at 36oC overnight.  The generated MNP were 
measured to be about 15.0 g.  
Magnetite nanoparticles were also prepared via a hydrothermal method as described by Du et al. 
(2012) and shown in Figure 3.2. Briefly, 8.1 g of FeCl3.6H2O and 21.6 g of sodium acetate were 
dissolved in 240 mL ethylene glycol with stirring and heating simultaneously. The temperature 
was then increased to 80 – 100oC. After stirring for 2 h, the yellow-brown color solution was 
transferred to a Teflon-lined stainless-steel autoclave and heated in an oven at 200oC for 18 h. 
Then, the autoclave was left to cool to room temperature. The obtained black magnetite particles 
were washed with acetone and water for several times and then dried in an oven at 36oC. The 
generated MNP were measured to be about 3.0 g.   
Obtaining stable, spherical, homogenous composition and narrow size ranges of these particles 
was the goal of synthesis methods, which was successfully achieved after many preparation 
attempts. Finally, commercial MNP were purchased from Sigma-Aldrich China with 50-100 nm 









Figure 3.1. Formation of magnetite nanoparticles via the co-precipitation method (Kang et al., 
1996). (a) Deoxygenation of deionized water, (b) Adding the aqueous solution of ferrous and ferric 
into degassed and heated NaOH, (c) Generation of the black precipitate, (d) Obtaining the black 








           
    
Figure 3.2. Preparation of magnetite nanoparticles via the hydrothermal method (Du et al., 2012). 
(a) Mixing the chemicals together under vigorous stirring and heating for 2 hr, (b) Transferring the 
produced solution to the autoclave, (c) Closing the autoclave tightly then heating it in an oven at 
200 oC. (d) Checking the paramagneticity of the obtained black magnetite particles, (e) 








The synthetic anaerobic medium containing macronutrients, micronutrient and vitamins was 
prepared as described by Angelidaki and Sanders (2004). Different volumes of stock solutions A, 
B, C, D and E (as shown in Table 3.1) were added to 974 mL of distilled water to prepare 1 liter 
of anaerobic medium. Then the mixture was bubbled with nitrogen gas. After that, 0.5 g of cysteine 
hydrochloride, 2.6 g of sodium bicarbonate and 0.25 g/L of Na2S.9H2O were added. The medium 
was kept in the fridge at 4℃  until dispensed to serum bottles.  
 
Table 3.1. Composition of stock solutions used to prepare one liter of anaerobic medium 
(Angelidaki and Sanders, 2004) 
 
Stock solution, mL  Chemical and their final concentration (g/L), in distilled water 
(A) 10 NH4Cl, 100; NaCl, 10; MgCl2.6H2O, 10; CaCl2.2H2O, 5 
(B) 2  K2HPO4.3H2O, 200 
(C) 1  Resazurin 0.5 
(D) 1 FeCl2.4H2O, 2; H3BO3, 0.05; ZnCl2, 0.05; CuCl2.2H2O, 0.038; 
MnCl2.4H2O, 0.05; (NH4)6Mo7O24.4H2O, 0.05; AlCl3, 0.05; CoCl2.6H2O, 
0.05; NiCl2.6H2O, 0.092;ethylenediaminetetraacetate, 0.5; concentrated 
HCl, 1 mL; Na2SeO4.10H2O, 0.1. 
(E) 1 Biotin, 0.002; folic acid, 0.002; pyridoxine acid, 0.01; riboflavin, 0.005; 
thiamine hydrochloride, 0.005; cyanocobalamine, 0.0001; nicotinic acid, 









Batch experiments were conducted using 165 mL serum bottles as described by Cruz Viggi et al. 
(2014). Three different groups (i.e. control, magnetite-supplemented, and blank) were used to 
explore the effect of magnetite addition on methane production. Control bottles were spiked with 
either acetate, propionate or glucose as a substrate and inoculated with anaerobic digested sludge. 
The volumes of the substrate solution and the inoculum were adjusted to give an initial COD:VS 
ratio of 2:1, 4:1 or 8:1. The inoculum was kept under anaerobic conditions during the process of 
transfer to the bottles. No magnetite was added to the control bottles. Magnetite-supplemented 
bottles were prepared with the same type and amount of substrate and inoculum in the control 
bottles. Magnetite (i.e. synthesized or commercial) was introduced into the bottles to a final 
concentration of 2, 5, 7, 10, 12 .5, 15, 20, 30 or 40 mmole/L. In order to determine the methane 
production from the inoculum itself, blank bottles were simultaneously prepared with anaerobic 
medium and methanogenic culture (i.e. digested sludge) but without substrate and without 
magnetite.  
Anaerobic medium was added to achieve 120 mL as the final working volume in all test bottles. 
The initial pH value was adjusted in the range of 7.5−7.8 by adding a few drops of 20 M sodium 
hydroxide were necessary. All test bottles were flushed with nitrogen gas and sealed with rubber 
stoppers and aluminum crimps to keep anaerobic conditions. Resazurin was used as an indicator 
of anaerobic conditions. If a bottle’s color changed to pink, that meant the bottle had sufficient 
oxygen to be considered aerobic and in this case, the essay had to be repeated. The component 
description of the different batch tests is shown in Figure 3.3. All tests (i.e. blank, control and 
magnetite amended) were performed in triplicate. 
Once prepared, the test bottles were incubated at 36 ± 2oC and methane production was  








Figure 3.3. Schematic representation of experimental setup to assess methane production in 
anaerobic batch treatment bottles. 
 
The anaerobic digestion performance was evaluated through biogas production. The following 
sections describe the analytical methods used in the research. 
 
Three MNP samples were characterized (i.e. hydrothermal, co-precipitation and commercial) at 
the University of Auckland using X-ray diffraction (XPS) and scanning electron microscopy 
(SEM). The commercial magnetite was analyzed for validation purposes.  
X-ray diffraction analysis was carried out to characterize the phase composition. Data was 
collected on a Kratos Axis UltraDLD (Kratos Analytical, Manchester, UK) using monochromated 







scans. The data was fitted with CasaXPS because it is very sensitive to Fe3+and Fe2+ cations (Ma 
et al., 2013).  Relative sensitivity factors provided by Kratos and adapted to the instrument were 
used. These were based on the Wagner basis set. A Shirley baseline was fitted and GL (30) 
synthetic peaks were used to record each spectrum.  
The results from X-ray diffraction showed each oxidation state as a main peak and satellited for 
both the Fe2p3/2 and Fe2p1/2 regions. Comparing the synthesized magnetite with the commercial 
sample, the XPS patterns show identical diffraction peaks (Figure A.1, Appendix A). The reference 
sample indicates that the levels of Fe2p3/2 and Fe2p1/2 were 710.4 eV and 723.9 eV, respectively. 
For the synthesized sample (co-precipitation), they were 710.5 eV and 724.0 eV for both the 
Fe2p3/2 and Fe2p1/2 peaks respectively. These results are in agreement with the literature in that 
the core-levels spectra of Fe2p3/2 and Fe2p1/2 are 711.28 and 724.64 eV (Ma et al., 2013),  710.9 
and 724.9 eV (Teng et al., 2003).  
Scanning electron microscope analysis was performed on the MNP samples for morphology and 
particle size characterization. SEM images (Figure A.2, Appendix A) showed that the co-
precipitation and hydrothermal samples consisted of homogenous particles with nearly spherical 
shapes. The average particle diameter was calculated from SEM images using an image analysis 
programme FEG Quanta 200 F (FEG = Field Emission Gun). The EDS detector was SiLi (Lithium 
drifted) with a Super Ultra-Thin Window, Peltier stage (2°C – 50°C), high temp stage (70°C – 
1400°C). The diameters of the synthesized magnetite particles ranged from 800 nm to 4.5 µm and 
from 168 to 490 nm for the co-precipitation and hydrothermal methods respectively (Appendix A, 
Figure A.3). 
 
Seed sludge was characterized before incubation by physico-chemical analysis such as total solids 
(TS), total volatile solids (VS), pH and total organic carbon. All analyzes were done in duplicate 
to ensure statistically representative results. All analyzes were undertaken according to Standard 







All TS and VS analyzes were completed within 48 hours. Well-mixed sludge samples (50 mL) 
were evaporated to dryness in pre-weighed dried dishes at 105℃ for 24 h. After an additional 30 
minutes of cooling in a desiccator, the combined TS and standard dish were weighed 
[𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] and the increase in weight was converted to a concentration (mg/L) by 
accounting for the volume of sample used. The concentration of VS was subsequently measured 
by weighing the combined ashes and evaporating dish after ignition for 4 h at 550℃. All the 
equations are shown in Appendix B. A pH meter was used for pH measurement (see Appendix B, 
Figure B.1 and Figure B.2 for details). Total organic carbon (TOC) to measure the level of organics 
in the liquid phase of anaerobic batch test was analyzed with a Shimadzu TOC-L CSH analyzer 
with TOC-control L v1.01 software. In order to calibrate the results, reference solutions were used 
containing  1000 ppm standard stock (KHP) and deionized water (blank, TOC= zero). Each TOC 
measurement was run in duplicate. TOC was measured for the same digested sludge sample over 
a month from the first collection day. 
 
Ferrous ion was measured following HACH method 8146 using a spectrophotometer according to 
Standard Methods for the Examination of Water and Wastewater (Association, 2005). A clean, 
round sample cell was filled with 25 mL of sample, and then ferrous iron reagent powder was 
added to the sample cell and mixed up to three minutes. For the blank, a second round sample cell 
was filled with 25 mL of a sample (no ferrous iron reagent powder). For analysis, the blank was 
run first to zero the spectrophotometer, then the sample was run to obtain the ferrous ion 
concentration.  
 
 Manometric Biogas Measurement  
The measurement of biogas volume produced at room temperature and pressure (RTP) was done 







(Figure 3.4). Saturated NaCl solution was used as a barrier liquid in the water displacement device 
to avoid dissolution of carbon dioxide (Rozzi and Remigi, 2004). 
A fixed 4 mL volume of biogas was sampled from the bottle’s headspace using a gas tight syringe 
(Hamilton, USA). The syringe was then connected to a plastic tube via a two-way valve. After the 
proper connection was done, the two-way valve was opened and the saturated-salt solution moved 
up (negative) or down (positive) in the graduated glass tube due to the pressure difference. The 
reading of displacement was recorded. Calculations were done to convert the headspace biogas 
volume to biogas volume at RTP. For example, if the headspace volume in the bottle was 63 mL, 
the gas sample was 4 mL and water displacement was 0.1 mL, then the headspace biogas volume 
at RTP was: 
𝐻𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 𝑏𝑖𝑜𝑔𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑅𝑇𝑃 = ( 
4 𝑚𝐿 + 0.1 𝑚𝐿
4 𝑚𝐿
) ∗ (63 𝑚𝐿 + 4 𝑚𝐿) 








Figure 3.4. Water displacement technique used to measure the volume of biogas at RTP 
(Procházka et al., 2012). If the atmospheric pressure was greater than the pressure inside anaerobic 
bottle (negative pressure), the saturated-salt water will move up. While if the pressure inside 
anaerobic bottle was greater than the atmospheric pressure (positive pressure), then it will move 
down. 
 
 Biogas Composition 
Gas chromatography (GC) is a well-known method to determine biogas (methane and carbon 
dioxide) composition (Figure 3.5). Generally, chromatographic data are presented as a 
chromatogram (i.e. a plot of retention time (x-axis) against detector response (y-axis). This plot 
provides the retention time and the peak area that is proportional to the amount of compound that 
has passed the detector (Figure 3.6). 
For a batch bottle, after measuring the biogas volume using the water displacement device, the 
same 4 mL volume sample was injected directly into an Agilent 7820A gas chromatograph. The 







Agilent 19095P-Q04 stainless steel column with 30 m × 530 μm × 40 μm; helium carrier gas 10 
mL/min with pressure 10.6 psi; oven temperature 30°C; injector temperature 70℃; TCD 
temperature 155℃ . All analyzes were undertaken in triplicate for more reliable results. The 
retention times of 1.591 and 2.123 min for standard methane (60 %) and carbon dioxide (30 %) 
respectively are shown in Figure 3.6.  
 
Figure 3.5. Biogas composition measured by injecting a gas sample into GC. 
 
Figure 3.6. Gas chromotograph plot for a standard methane gas analysing sample. The retention 








To calculate the methane percentage in a sample the gas chromatograph was calibrated. For GC 
calibration, three samples (4 mL each) of different volume percent 0.25, 0.5, and 0.75 of 10 mL 
standard gas (60 % methane, 30 % CO2, and 10 % nitrogen) were mixed with air using a gas tight 
Hamilton syringe. Each sample was then injected into the GC. The calibration curves (methane 
and carbon dioxide) are shown in Appendix C (Table C.1, Figure C.1 and Figure C.2). The 
obtained equation from calibration curve was used to calculate the percentage of methane. For 
example; after injecting the gas sample, if the GC reading for methane area was 921; using the 




% 𝐶𝐻4  =  
921
63.204
=   14.5719 % 
After calculating the percentage of methane in a sample, further calculations were done to convert 
methane % to mmole/g VS. See Appendix D for a sample calculation. 
 
For the analysis of volatile fatty acids (VFA), 2 mL of the liquid medium was taken periodically 
over the incubation period. This was filtered to 0.22 μm, adjusted to reduce the pH lower than 2 
and then placed in the GC-FID. The GC conditions were as follows. Agilent Technologies 7280A 
Column: HP 19091N-133I, HP INNOWax Polyethlene Glycol with 30 m x 250 µm x 0.25 µm. 
Gas: Nitrogen with flowrate of 2.2 ml/min, pressure 60 psi, Hydrogen 50 psi, Air 60 psi and 
Helium 82 psi. The initial Oven temperature 80ºC increase at 10ºC/min to 250ºC, was held at 
260ºC for 2 min, with FID detector at 300ºC. The volatile fatty acids (acetic, propionic and butyric) 
were identified by comparing the retention time against known standards. The retention times of 
4.886, 5.368, and 5.871 minutes for standard acetic, propionic and butyric acids respectively are 









Figure 3.7. Gas chromatograph plot for VFA standards. The retention times of 4.886, 5.368 and 
5.871 min for standard acetic, propionic and butyric respectively. 
 
 
Glucose concentrations were measured according to the phenol- sulfuric acid method as described 
by Dubois et al. (1956) and Albalasmeh et al. (2013). A fixed volume of 2 mL of the liquid medium 
was taken after 7 days of incubation, filtered to 0.22 μm, then pipetted into a colorimetric tube and 
mixed with 1 mL of 5 % aqueous solution of phenol. Subsequently, 5 mL of concentrated sulfuric 
acid was added rapidly to the mixture. After allowing the test tubes to stand for 10 min, they were 
vortexed for 30 sec then placed for 20 min in a water bath at 30oC for color development. Finally, 
UV light absorption at 490 nm was read using a UV spectrophotometer. Standard curves of glucose 
concentration were prepared by reading UV light absorption at 490 nm at known concentrations 








Genomic DNA extraction and purification was conducted in the Laboratory of Molecular Biology 
of the Bio-Prospection Research Centre, Lincoln University, New Zealand. About 20 mL of sludge 
were centrifuged at 5000 rpm (20oC) for 10 min. The supernatant was decanted and the sediment 
pellet put in liquid nitrogen and stored in an ultra-freezer at - 80oC until further processing. For 
genomic DNA (gDNA) extraction, the sludge pellet was transferred to a sterile mortar and crushed 
with a pestle. About 250-500 mg of the crushed sample material was then collected for DNA 
extraction and purification using a NucleoSpin kit (Macherey-Nagel) for gDNA from soil and 
sediment. The manufacture’s protocol for DNA purification was followed with the following 
changes: 700 µL of SL1 lysis buffer without Enhancer SX was used in the first extraction step, a 
FastPrep instrument (MP Biomedicals) at 5.5. M/s for 60 s was used for cell lysis instead of a 
vortex, and 60 µL of SE buffer was used for final DNA elusion. The DNA in the final extract was 
quantified with a NanoDrop spectrophotometers (ThermoFisher Scientific) with scanning in the 
220 to 350 nm wavelength range. All extracted samples showed high enough DNA concentrations 
with minimum contamination (see example in Fig. 3.8). In addition, an agarose gel (0.8% in 1x 
TAE buffer with RedSafe nuclic acid staining solution) was run to verify yield and DNA quality. 
Four µL of Invitrogen high DNA mass ladder (ThermoFisher Scientifc) was used for sizing and 
approximate quantification of double-stranded DNA in the range of 1,000 bp to 10,000 bp. The 
electrophoresis was run at 90 V and maximum Amp for 25 minutes. The obtained agarose gel 
showed minimum band smearing suggestion the RNA contamination was not a significant issue 
(Fig. 3.9). Individual gDNA samples from independent cultures were combined, based on equal 
mass, to produce a single composite gDNA sample for sequencing. 
16S rDNA sequencing was done by Macrogen Oceania PL on an Illumina platform with Herculase 
II fusion DNA polymerase Nextera XT index V2 library kit and 16S Metagenomic Sequencing 
Library Preparation Part #15044223 Rev. B. The Illumina NGS workflow included 4 basic steps: 
(1) Sample preparation: quality control was run on the provided samples before proceeding to 
library construction. (2) Library construction: the sequencing library was prepared by random 







fragments were then PCR amplified and gel purified. PCR amplification was conducted with 
Bakt_341F (CCTACGGGNGGCWGCAG) and Bakt_805R (GACTACHVGGGTATCTAATCC) 
primers for Bacteria and 27F (TCCGGTTGATCCYGCCGG) and 516R 
(GGTDTTACCGCGGCKGCTG) primers for Archaea. (3) Sequencing: for cluster generation, the 
library was loaded into a flow cell where fragments were captured on a lawn of surface-bound 
oligos complementary to the library adapters. Each fragment was then amplified into distinct, 
clonal clusters through bridge amplification. When cluster generation was complete, the templates 
were ready for sequencing using Illumina platform. (4): Raw data: finally, sequencing data was 
converted into raw data for the operational taxonomic unit (OTU) analysis.
 
Figure 3.8. Example of a spectrogram showing the concentration of DNA in a sample at 260 nm 
wavelength. A good yield was obtained (70.3 ng/µL). The ratio A260/A230 (1.64) was above the 
minimum acceptable value of 1.5 indicating a good level of DNA purity. Similarly, the ratio 
A260/A280 (1.86) was within the expected range of 1.8 – 1.9 suggesting that protein and/or RNA 









Figure 3.9. Agarose gel showing little band smearing that suggests good-quality DNA samples 
(i.e. low RNA contamination). 
 
The cumulative methane volume produced from the experiment was plotted as a function of time 
and then the modified Gompertz model (Eq.1) was fitted to the experimental data using SPSS 
software. This allowed the estimation of the lag phase time (λ, d) and the maximum methane 
production rate (R, mmole/g VS/d).  
𝑀𝑝 = 𝐶𝑀𝑃 ∗ 𝐸𝑋𝑃 (−𝐸𝑋𝑃 (
𝑅 ∗ (𝜆 − 𝑡) ∗ 2.7183
𝐶𝑀𝑃
+ 1) )  … … … … … … … … … … … … … . 𝐸𝑞. 1 
Where Mp is the predicted methane production (mmole/g VS), CMP is the cumulative methane at 
the end of incubation (mmole/g VS) and t is the time of methane production (Nielfa et al., 2015). 
The steps of evaluation of the experimental cumulative methane production and the theoretical 
values obtained by the simulation of the modified Gompertz model are shown in Appendix E. 
Figure 3.10 shows an example of experimental cumulative methane production and the modeled 
methane value obtained with the modified Gompertz model. It seems that the obtained results from 
the modified Gompertz fitted adequately the experimental results (confidence intervals (R2) of 99 
%). The coefficient of determination (R2) is a guideline to evaluate the accuracy of the model and 
how well it predicts future outcomes. The closer the value of R2 is to 1, the better the non-linear 








Figure 3.10. Evolution of experimental and predicted methane production by modified Gompertz 
model. 
 
The effect of magnetite nanoparticles on methane production with different supplement conditions 
(in terms of repeated measurements of lag phase, maximum methane production, cumulative 
methane production, and methane yield) was evaluated using general linear model (GLM) 
procedure of SAS (2015). Significance was given when P < 0.05, and significant differences 
between means were separated by the Least Significant Difference (LSD). 
Furthermore, the standard error was calculated (i.e. the approximate standard deviation of a 
statistical sample population). The standard error is a statistical term that measures the accuracy 
with which a sample represents a population. In statistics, a sample mean deviates from the actual 
mean of a population; this deviation is the standard error. Standard deviation (SD) and the standard 
error (SE) are calculated by the following equations 





) and (𝑆𝐸 =
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) , where N is the number of observation, Xi is each of the 

































 CHAPTER 4. EXPLORING THE EFFECT OF MAGNETITE 
NANOPARTICLES ON METHANE PRODUCTION 
To explore the conditions that enhance methane production in magnetite-supplemented anaerobic 
digestion, batch tests were carried out using different types and concentrations of magnetite 
nanoparticles, different types and concentrations of substrate, and fresh and degassed biomass 
culture. The experimental conditions evaluated are summarized as follows: 
1. Run (1):  Batch test calibration 
Experiments were conducted using acetate as a substrate to examine the stability of an anaerobic 
batch bottle, as well as to identify suitable concentrations of VS and sufficient COD:VS ratios. 
Blanks (with no acetate) were run using digested sludge as well as activated sludge under different 
ranges of VS (0.2, 0.5 and 1.5 g/L). Control bottles had acetate at COD:VS ratios of 2:1, 3:1 and 
4.5:1. Table 4.1 shows the details of the treatment conditions.  
2. Run (2): Effect of magnetite dose on methane production from acetate-cultivated cultures   
Experiments were conducted to study the effect of adding commercial magnetite nanoparticles 
with different concentrations (i.e. 5, 10, 15, 20, 30, or 40 mmole/L) on methane production from 
acetate that was added at a COD:VS ratio of 2:1.  This was done to verify that (i) the experimental 
methods were reliable and (ii) to identify a suitable range of magnetite concentration for further 
tests. 
 
3. Run (3): Effect of magnetite type on methane production from propionate-cultivated 
cultures  
Experiments were conducted using magnetite nanoparticles at a concentration of 20 mM to 
evaluate the effect of magnetite type on methane production from propionate-cultivated cultures. 
Two magnetite nanopowders (one commercial and one prepared via the hydrothermal method) 







4. Run (4): Effect of magnetite dose on methane production from propionate-cultivated 
cultures   
Magnetite prepared via the hydrothermal method was tested with different concentrations (i.e. 
0.07, 0.7, or 7 mmole/L) using propionate as a substrate to assess the effect of magnetite dose on 
methane production from propionate-cultivated cultures. After methane production reached a 
plateau, all bottles were flushed with nitrogen gas (in order to remove the methane gas) and then 
re-fed with propionate.   
 
5. Run (5): Effect of using magnetite as suspension on methane production   
In the previous runs (run 2, run 3, and run 4), magnetite was supplemented as a nanopowder. In 
Run 5 however magnetite was supplemented as suspension under different concentrations (7, 12.5, 
or 20 mM) to investigate the effect of using magnetite as suspension on methane production, as 
compared to using it as nanopowder.  The propionate was loaded into the bottles corresponding to 
a final COD:VS ratio of 2:1 
 
Seed sludge was collected and characterized as described previously (Sections 3.2.1 and 3.3.2). 
After measuring the VS of the seed sludge and calculating the COD equivalent of acetate 
(Appendix F), the activity and stability of seed digested sludge to produce methane under 
anaerobic condition was examined following the methodology presented by Angelidaki and 
Sanders (2004) and Hussain and Dubey (2017). Three experimental groups were conducted to 
confirm the activity of methanogens (experiment 1) to minimize the organic load of inoculum as 
much as possible (experiment 2), and establish the maximum appropriate anaerobic sludge loading 
(VS) and inoculum to substrate ratio (experiment 3). The details are shown in Table 4.1. Blank 
and control bottles were carried out as mentioned previously in Section 3.2.5. Upon preparation, 
all bottles had nitrogen gas bubbled in to purge oxygen before being sealed with rubber stoppers 







continuously monitored and any biogas generated was periodically sampled for analysis. All 
experiments were carried out in triplicate.  The initial pH throughout all experiments was measured 
to be 7 -8. 
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In experiment (1), the biomass activity was examined for both digested sludge and activated 
sludge. Blank bottles were run with no substrate and with volatile solid concentration of 1.5 g/L. 
Figure 4.1 shows the results from experiment (1) which confirmed that the digested sludge had 
efficient, viable, and active methanogens to produce methane with the methane production 
(mmole/g VS) over the period of incubation for digested sludge around three times higher than 








Figure 4.1. Time course of methane production testing digested and activated sludge inocula. Error 
bars represent the standard deviation of triplicate experiments. 
 
In experiment (2), blank bottles were run in order to determine the minimum allowable VS 
concentration. Variable volatile solids concentrations of mesophilic-digested sludge of 0.2, 0.5 and 
1.5 g/L were tested (Figure 4.2).  
  
Figure 4.2. Time course of methane production testing different VS concentrations. Error bars 

























































The results of experiment (2) showed that the better concentration (VS) of mesophilic sludge was 
1.5 g/L.  
In experiment (3), batch bottles determined the appropriate COD:VS ratio that produced the 
maximum methane rate. The final concentration of VS was 1.5 g/L in all control bottles. All bottles 
were independently spiked with final concentrations of 3, 4.5, and 6.8 g/L of acetate to achieve 
COD:VS ratio of 2:1, 3:1 or 4.5:1 respectively (Figure 4.3). 
  
Figure 4.3. Time course of methane production testing different COD:VS ratios of 2:1, 3:1 and 
4.5:1. Error bars represent the standard deviation of triplicate experiments. 
 
The results from experiment (3) showed that the appropriate amount of inoculum and substrate to 





































An experiment was conducted to explore the effect of MNP on methane production. Commercial 
MNP were purchased from sigma Aldrich with 50-100 nm particle size and 97 % trace metals. 
Batch experiments were carried out as described in Section 3.2.5. The inoculum (i.e. 1.5 g/L of 
VS) and substrate (i.e. 1.5 g/L of acetate) were loaded into the control bottles corresponding to a 
final COD:VS of 2:1. Commercial MNP were introduced into the treatment bottles with different 
concentrations (i.e. 5, 10, 15, 20, 30, and 40 mmole/L) in addition to 1.5 g/L of VS and 1.5 g/L of 
acetate. Finally, all bottles were flushed with nitrogen and closed with rubber stoppers. After the 
cumulative methane production curve reached a plateau, a fresh dose of acetate was added (1.5 
g/L) in both the control and magnetite-amended bottles to achieve the same working volume (i.e. 
120 mL). Table 4.2 summarizes the details of each experimental treatment. Each treatment was 











Table 4.2. Run (2): The details of each treatment group exploring the effect of commercial MNP 
on methane production. 
Experimental 
group 
Substrate  Magnetite Number of 
bottles Type Dose; 
g/L 
 Type Dose; 
mmole/L 
Control Acetate 1.5   ------ ------ 3  
Supplemented Acetate 1.5   Commercial 5  3  
 10  3  
 15  3  
 20  3  
 30  3  
 40 3  
 
All results of methane production over the incubation period are presented as mmole CH4/g VS vs 
time as shown in Figure 4.4. No observable enhancement in the methane rate was observed by 
adding the magnetite nanoparticles over two feeding cycles (Figure 4.4 – a, and b). However, over 
the second feeding cycle; magnetite-supplemented bottles of 20 mM produced more methane from 
day 1 to day 8, as compared to the other bottles. After that, all bottles produced the same amount 
of methane which indicates that magnetite had some ability to enhance the methane production. 
However, further investigations were still needed using different substrate and/ or magnetite type 
to determine the full scope of adding magnetite. 












Figure 4.4. Average methane produced in commercial magnetite-amended bottles and control 
bottles in two feeding cycles of acetate (1.5 g/L). (a) Average methane produced in magnetite-
amended bottles vs controls in first feeding cycle of acetate. (b) Average methane produced in 
magnetite amended- bottles vs controls in second feeding cycle of acetate. Error bars represent the 
























a  control, 1st 5mM, 1st 10mM, 1st  15 Mm, 1st

























 control, 2nd 5mM, 2nd 10mM, 2nd  15 Mm, 2nd








In order to find appropriate conditions for adding magnetite, propionate was used instead of acetate 
as a substrate and two types of magnetite were investigated. The first type of nanoparticles was 
commercial magnetite purchased from Sigma Aldrich (50-100 nm particle size, 97 % trace metals). 
The second type was dried nanopowders prepared in the lab via the hydrothermal method 
described previously (Section 3.2.3). Anaerobic serum bottles were incubated as discussed 
previously in Section 3.2.5. The inoculum (1.5 g/L) and 2 g/L of propionate were added to the 
bottles corresponding to a final COD:VS ratio of 2:1. Twenty mmole/L of magnetite nanopowder 
was then introduced into the treatment bottles as shown in Table 4.3. Two feeding cycles were 
done for all treatments except the blank bottles, while the third feeding cycle was done for the 
control and hydrothermal MNP-amended bottles. 
Table 4.3. Run (3): The details of each treatment group exploring the effect of the commercial and 
hydrothermal magnetite on methane production. 
Experimental 
group 
Substrate  Magnetite Number of 
bottles Type Dose; 
g/L 
 Type Dose; 
mmole/L 
Control Propionate 2   ------ ------ 3  
Supplemented Propionate 2   Commercial 20  3  
 Hydrothermal 20  3  
 
 
The two types of magnetite produced different responses in term of methane production but the 
effect also depended on the stage in the feeding cycle. That is to say, on whether methane evolved 
from the first, second or third feeding (Fig 4.5). During the first feeding cycle (the first 20 days in 
Fig 4.5), the methane production in the control bottles was higher than that of the magnetite-







feeding cycles, the presence of magnetite nanoparticles prepared via the hydrothermal method 
slightly enhanced the methane production, as compared to the control bottles. This suggest that an 
acclimation period is necessary for the microorganisms to respond to magnetite amendment.  
Conversely, the commercial magnetite nanopowder did not improve the methane production 
during the first and the second feeding cycles. As such, the third feeding cycle was not carried out. 
The variation in methane production between the two types of magnetite may be attributed to the 
variation in magnetite properties such as particle size distribution.  
 
 
Figure 4.5. Average methane production (mmole/g VS). The symbols ▲, ■, and ● represent the 
control, 20 mM of hydrothermal magnetite and 20 mM of commercial magnetite respectively in 
three feeding cycles of propionate (2 g/L). The second feeding cycle of propionate started at day 
19 and the third feeding cycle started at day 47. Error bars represent the standard deviation of 































The results of the previous run (Run 3) indicated that adding 20 mM of hydrothermal magnetite 
enhanced the methane production from propionate. As such, this run was further investigated to 
find the effect of adding 7, 0.7 and 0.07 mmole/L of hydrothermal magnetite (i.e. prepared as 
described in Section 3.2.3) on methane production from 2 g/L of propionate corresponding to a 
final COD:VS of 2:1 (Table 4.4). After the produced methane reached a plateau in the controls 
and magnetite amended-bottles, they were flushed with nitrogen gas in order to remove the 
methane gas and then re-fed (replaced) with a fresh dose of propionate to yield the same working 
volume (i.e. 120 mL).  
Table 4.4. Run (4): The details of each treatment group exploring the effect of different magnetite 
nanopowders on methane production. 
Experimental 
group 
Substrate  Magnetite Number of 
bottles Type Dose; 
g/L 
 Type Dose; 
mmole/L 
Control Propionate 2   ------ ------ 3  
Supplemented Propionate 2   Hydrothermal 0.07  3  
 0.7  3  
 7  3  
 
All results are shown in Figure 4.6. During the first 20 days of incubation, the production of 
methane was similar in all bottles. However, by day 27, the maximum production of methane in 
the 7 mM-supplemented bottles (8 mmole/g VS) was twice that of the control, 0.7 mM-
supplemented and 0.07 mM- supplemented bottles (4 mmole/g VS) Moreover, methane production 
reached 17 mmole/g in 7 mM magnetite and control bottles at day 45. All bottles produced a similar 
amount of methane during the second feeding cycle (day 46 to day 60). These results indicate that 
one feeding cycle is enough to study the effect of magnetite on methane production. In addition, 







methane production. On the other hand, Baek et al. (2016) studied the effect of magnetite 
supplementation in continuous anaerobic digestion of dairy effluent over 250 days. They found 
that the applied magnetite recycling method effectively supported enhanced DIET activity and 
biomethanation performance over a long period (>250 days) without adding extra magnetite. 
 
Figure 4.6.  Average methane production (mmole/g VS) in two feeding cycles of propionate (2 
g/L).  The symbols ■, x, ●, and ▲ represent the average methane production in 7, 0.7 and 0.07 
mM of magnetite amended- bottles and control bottles respectively. Error bars represent the 
standard deviation of triplicate experiments. 
 
Magnetite was added as powders through all the previous runs (Run 2, 3 and 4). Therefore, an 
experiment was conducted to explore the effect of using magnetite as a suspension (stock solution) 
on methane production (Table 4.5). The magnetite suspension was prepared as described by Wang 
et al. (2016). The MNP black precipitate formed via the hydrothermal method was suspended in 
deoxygenated water (30 min nitrogen gas bubbling) via ultra-sonication for 1 h at 40 kHz and 
250W. This suspension was then added to the bottles by weight to reach specific final 
concentrations of 7, 12.5 and 20 mM, respectively. Anaerobic serum bottles using propionate as a 
substrate, with a final concentration of 2 g/L corresponding to a final COD:VS ratio of 2:1 were 
used. After the methane produced reached a plateau in the controls and magnetite-supplemented 
bottles, they were then re-fed (replaced) with a fresh dose of the substrate to achieve the same 
working volume (i.e. 120 mL). The results from Run 5 (Figure 4.7) show that methane production 






























magnetite did not show a substantial difference compared to the nanopowders supplement; 
therefore, it was not investigated further.  
Table 4.5. Run (5): The details of each treatment group exploring the effect of different magnetite 
doses on methane production. Magnetite was used as a suspension. 
Experimental 
group 
Substrate  Magnetite Number of 
bottles Type Dose; 
g/L 
 Type Dose; 
mmole/L 
Control Propionate 2  ------ ------ 3 
Supplemented Propionate 2  Hydrothermal 7 3 
 12.5 3 













Figure 4.7. Average methane production as mmole/g VS in two feeding cycles of propionate (2 
g/L). The symbols ●, ■, x and ▲ represent the methane production in the 7 mM, 12.5 mM, 20 mM 























































The previous set of experiments investigated magnetite under conditions that enhanced and/or 
inhibited methane production. The results confirm the ability of the anaerobic batch system to 
produce methane from digested sludge at a level three times as compared to activated sludge. In 
addition, the minimum allowable concentration (VS) of mesophilic sludge was 1.5 g/L with the 
appropriate COD:VS ratio of 2:1. 
The preliminarily experiments confirm a positive effect of adding magnetite nanopowder on 
methane production from acetate and propionate right from the first feeding cycle, therefore, 
obviating the need  to test further. Magnetite nanopowder of medium size at concentrations of 7 
and 20 mM showed a positive effect on methane production; however, using magnetite as a 
suspension did not show any difference compared to nanopowder, therefore, further investigation 
into suspended nanoparticles was abandoned. The standard deviation for some of the treatments 
was relatively high and only decreased with repeating experiments. This may be attributed to the 
sample size and standardization of the preparation procedures. The size and the concentration of 
magnetite seems to have an effect on methane production. These results also indicate that the 










 CHAPTER 5. THE EFFECT OF MAGNETITE SIZE AND 
CONCENTRATION ON METHANE PRODUCTION FROM 
FRESH AND DEGASSED ANAEROBIC SLUDGE 
 
The first objective was to identify what sort of inoculum (fresh or degassed) is the best for 
assessing the effect of magnetite on methane production. To achieve this objective, batch 
experiments were conducted (as described in Section 3.2.5) using digested sludge with biomass at 
two different growth phases. The inoculum used was fresh mesophilic digested sludge (i.e. sludge 
with microbial community ongoing exponential growth phase) and degassed mesophilic-digested 
sludge, left to age for one month at 36 ± 1oC (i.e. sludge with  microbial community with low 
activity at the stationary or death stage). The second objective of this chapter was to study the 
effect of both size and concentration on methane production. To this end, the magnetite 
concentrations used are 2 and 7 Mm based on previous results (i.e. preliminary experiments) and 
research (Barua and Dhar, 2017). Batch assays using small (50 to 150 nm), medium (168 to 490 
nm) and large-size (800 nm to 4.5 µm) magnetite particles were conducted to assess the effect of 
particle size on methane production.  
Figure 5.1 shows a schematic representation of the experimental design to assess methane 
production in anaerobic batch treatment bottles. Propionate (27 mM) was used as a substrate except 
in blank bottles. No magnetite was added into the control and blank bottles. Data was presented as 
mean ± standard deviations of triplicates. As the experiment had two levels of magnetite 
concentrations (2 and 7 mM) and three levels of magnetite size (small, medium and large), plus 
one control group (Figure 5.1), the data was statistically analyzed using a Factorial + control model 
(augmented factorial design), with SAS 2015 software (Marini, 2003). The experimental data was 
analyzed by two-way ANOVA (SAS, 2015) with a factorial orthogonal contrast arrangement of 
treatments (two levels of magnetite concentrations × three levels of magnetite size plus control 







(control vs. magnetite addition), magnetite concentration (2 vs. 7 mM) and magnetite size (small 




Figure 5.1. Schematic representation of experimental setup to assess methane production in 







The third objective was to study the effect of magnetite on methane production under substrate-
limited condition. For this, an additional batch experiment was run consisting of  (1) blank bottles 
with no magnetite and no propionate, (2) blank bottles with 7 mM of magnetite and no substrate, 
(3) control bottles with 27 mM of propionate and no magnetite, and (4) magnetite-supplemented 
bottles with both 27 mM of propionate and 7 mM of medium magnetite. As the experiment had 
two levels of propionate (0 and 27 mM) and two levels of magnetite concentrations (0 and 7 mM), 
the data were evaluated in a 2 × 2 factorial arrangement treatments through statistical analysis of 
two-way of variance (ANOVA) using general linear model (GLM) procedure of SAS (2015). 
Finally, in order to investigate the possibility of using magnetite as a nutrient (source of iron), the 
ferrous ion concentration was measured. For this purpose, a set of batch experiments were 
conducted with the liquid medium of both the control and the medium-size 2 mM of magnetite-
supplemented bottles being analyzed every 5 days during the incubation. The ferrous ion was 
determined using a spectrophotometer.  
 
 
The methane production (mmole/g VS) from fresh digested sludge was analyzed throughout 35 
days of incubation with the most active period occurring between day 4 and day 20 (Figure 5.2 (a-
c)) before a plateau was reached. For degassed digested sludge, the methane production was 
analyzed for 68 days with the most active time being between day 25 and day 50 (Figure 5.2 (d-
f)) before its corresponding plateau was reached at approximately day 60. 
As mentioned previously, blank bottles were used to examine the sludge’s baseline (or 
endogenous) activity without any substrate or magnetite. Figure 5.2 indicates that the maximum 
methane production in the blank bottles was 3.4 mmole/g VS in the case of the fresh sludge (Fig 
5.2 (a-c)) and 2 mmole/g VS in the case of the degassed sludge (Fig 5.2 (d-f)). This shows that the 







sludge was fresh or degassed. However, the blank bottles produced a very low amount of methane 
and therefore they were neglected.  
Figure 5.2 also shows that the maximum methane production in the control bottles (substrate but 
no magnetite) was around 20.56 ± 0.96 mmole/g VS (Fig 5.2 (a-c)) and 18.79 ± 0.23 mmole/g VS 
(Fig 5.2 (d-f)) in the fresh and degassed sludge, respectively. Figure 5.2 indicates that, in general, 
the substrate concentration (i.e. 27 mM of propionate) was a suitable amount of food for 
methanogens to produce methane from fresh and degassed digested sludge.  Figure 5.2 also clearly 
shows that adding magnetite particle resulted in accelerated methane production (i.e. effectively 
reducing the incubation period). This could have implications on anaerobic digester size. The use 
of fresh sludge with different MNP concentrations (2 and 7 mmole/L), resulted in similar 
maximum methane production across all particle sizes (20.24 ± 0.06 mmole/g VS).  
On the other hand, the methane production from degassed sludge was similar in the beginning but 
over the length of the experiment, the maximum methane production was slightly lower in all 7 
mM supplemented bottles, with the most difference occurring in the large particle size bottles 
(which had only 16.24 mmole/g VS), as compared to the other magnetite-supplemented bottles at 
20.38 mmole/g VS. In this latter case, the amount of methane was even less than the control bottle 









     
Figure 5.2. Methane production as a function of incubation time. The Figures a, b and c represent 
the methane production as a result of the effect of small, medium and large-sized magnetite on 
fresh sludge. Figures d, e and f represent the methane production as a result of the effect of small, 
medium and large-sized magnetite on degassed sludge. The symbols ▲, ■, ●, and х represent the 
control, 2 mM of magnetite, 7 mM of magnetite, and blank respectively. Error bars represent the 



















































































































































Table 5.1 and Table 5.2 show the kinetic parameters for methane production from fresh and 
degassed digested sludge. The coefficient of determination (R2) was discussed in Section 3.3.7. 
The results of Table 5.1 indicate that magnetite significantly enhanced the methane production rate 
and reduced the lag phase as compared to the control. In particular, the addition of magnetite into 
fresh sludge results in an increase in methane production rate (by 32 %) as compared to the control 
(P < 0.05). The lag phase time in all the magnetite-supplemented bottles was on average 1 - 3 days 
(15 % - 41 %) shorter than that in the control bottles.  
On the other hand, adding two different concentration of magnetite (2 and 7 mM) did not produce 
any significant difference in methane production rate and lag phase. Similarly, adding three 
magnetite size ranges (small, medium and large) did not significantly change the methane 
production rate and lag phase; however, the only exception, was large magnetite particles, which 
significantly extended the lag phase as compared to the small magnetite particles (contrast p –
value = 0.022; < 0.05). In addition, it seems that the effect of the concentration of magnetite did 
not relate to the size of magnetite as the contrast P-value of the interaction was greater than 0.05. 
However, the only significant interaction between the concentration of magnetite and the size of 
magnetite was found for the lag phase (contrast P-value =0.022). These results indicate that the 
effect of magnetite on the reduction of the lag phase depends on an interrelationship between size 








Table 5.1. Influence of magnetite concentration and size on methane production kinetic parameters 
from fresh sludge 














        
Control Non 3 0.98 ± 0.04b  6.48 ±0.7a 72.75 ± 3.38 1.14 0.97 
        
2 mM Small 3 1.30 ± 0.18a 4.32 ± 0.7c 73.35 ± 3.34 1.14 0.99 
 Medium  3 1.28 ± 0.05a 5.56 ± 0.4b 69.33 ± 1.48 1.08 0.98 
 Large 3 1.33 ± 0.03a 4.29 ± 0.4c 71.43 ± 3.93 1.11 0.98 
        
7 mM Small 3 1.33 ± 0.03a 4.15 ± 0.2c 74.39 ± 1.05 1.17 0.99 
 Medium  3 1.32 ± 0.06a 3.81± 0.1c 73.04 ± 2.08 1.15 0.99 
 Large 3 1.20 ± 0.12a 5.48 ± 0.2b 71.11 ± 0.64 1.12 0.99 
        
        
Standard Error  0.05 0.26 1.48 0.03  
P-value   0.005 0.0001 0.32 0.39  
       
Contrast P-value       
 
Control vs adding magnetite 
 
 




2 vs 7 
 





   
  
Small vs medium  0.44 0.450 0.96 0.95  
Medium vs large  0.83 0.110 0.092 0.17  
Large vs small  0.32 0.026 0.101 0.19  
 
Interaction of Magnetite  
(Concentration x Size) 
 
0.16 0.022 0.65 0.77 
 
a,b,c means in the same column with different superscripts are significantly different (P < 0.05). N: 
is the number of observation. Rate: The maximum methane production rate (mmole/g VS/d), The 
lag phase time (days), CMP: Maximum cumulative methane produced (mL CH4), Methane yield: 
calculated at day 43 by dividing the cumulative mole of CH4 with the total mole glucose added, 









Table 5.1 also indicates that the average maximum cumulative methane produced and the methane 
yield were 72.20 ± 1.69 mL CH4 and 1.13 ± 0.03 mole of methane per mole of propionate 
respectively, in all bottles. There was also no significant difference between the magnetite-
supplemented and the control bottles.  In addition, there was no significant difference in the CMP 
and methane yield observed between the small, medium and large-supplemented bottles; as well 
as between the magnetite concentrations of 2 and 7 mM. Consequently, no interaction existed 
between the magnetite concentration and the magnetite size for the CMP and the methane yield (P 
> 0.05).  
Table 5.2 shows the methane production kinetic parameters from the degassed digested sludge 
without and with magnetite at different concentrations and sizes. The results show no consistency 
in the methane production rate by adding magnetite. Only the medium-size magnetite at 2 and 7 
mM significantly increased the methane production rate (0.665 vs 0.593 mmole/g VS/d; (12 %)), 
as compared to the control. However, the contrast P –value indicates that no significant difference 
was obtained in the methane production rate by adding magnetite (control vs addition of 
magnetite). 
On the other hand, the contrast P – value shows that the maximum methane production rate was 
similar in all magnetite bottles under different concentrations. The results also show that the 
maximum methane production rate was different in all magnetite bottles under different 
supplementation of size ranges. That is, small- size versus medium-size was significantly different 
(contrast P = 0.002). As well, large-size versus small-size was significantly different (contrast P = 
0.041). However, medium-size versus large-size was not significantly different (contrast P = 
0.127). Significant interaction existed between the magnetite concentration and magnetite size for 







Table 5.2. Influence of magnetite concentration and size on methane production kinetic parameters 
from degassed sludge 














        
Control Non 3 0.59 ± 0.04bc 26.5 ± 1.6c 76.64 ± 1.05ab 1.16ab 0.98 
        
2 mM Small 3 0.62 ± 0.02ab 22.2 ± 1.9d 75.94 ± 1.99ab 1.15ab 0.98 
 Medium  3  0.66 ± 0.05a 22.0 ± 1.5d 78.41 ± 0.40a 1.18a 0.98 
 Large 3 0.63 ± 0.02ab 25.2 ± 1.9c 72.88 ± 3.05bc 1.10bc 0.99 
        
7 mM Small 3 0.65 ± 0.00ab 29.4 ± 1.9b 71.42 ± 2.39c 1.08c 0.99 
 Medium  3 0.67 ± 0.02a 25.0 ± 1.1c 76.56 ± 1.46ab 1.16ab 0.99 
 Large 3 0.56 ± 0.05c 33.2 ± 1.1a 59.81 ± 4.08d 0.90d 0.97 
        
        
Standard Error  0.018 0.93 1.36 0.020  
P-value   0.009 0.0001 0.0001 .0001  
       
Contrast P-value       
 
Control vs adding magnetite 
 
 




2 vs 7 
 





   
  
Small vs medium  0.002 0.0001 0.0001 .0001  
Medium vs large  0.127 0.029 0.015 0.017  
Large vs small  0.041 0.026 0.0001 .0001  
 
Interaction of Magnetite  
(Concentration x Size) 
 
0.021 0.721 0.007 0.006 
 
a,b,c,d means in the same column with different superscripts are significantly different (P < 0.05). 
N: is the number of observation. Rate: The maximum methane production rate (mmole/g VS/d), 
The lag phase time (days), CMP: Maximum cumulative methane produced (mL CH4), Methane 
yield: calculated at day 43 by dividing the cumulative mole of CH4 with the total mole glucose 








In the degassed batch experiment, the most significant reduction in the lag phase (4 days; i.e. 17 
% shorter) was observed by adding 2 mM of both small and medium sized magnetite compared to 
the control (P < 0.05). On the other hand, the lag phase time was 25 days in both the 7 mM of 
medium and 2 mM of large-size supplemented bottles. This time was similar to the 26 days in the 
control bottles (P > 0.05). Furthermore, the lag phase was 3 days longer in the 7 mM of small-size 
supplemented bottles as well as 7 days longer when large-sized magnetite at 7 mM was added into 
the bottles, as compared to the control bottles (P > 0.05). However, the contrast P value indicates 
that by adding magnetite, the lag phase was not significantly different, as compared to the control 
(P > 0.05).  
On the other hand, the lag phase was significantly increased (22 -25 vs 25-33 days) by increasing 
the magnetite concentration from 2 mM to 7 mM (contrast P < 0.05). Similarly, there was a 
statistically significant difference in the lag phase observed between the small, medium and large-
supplemented bottles (P < 0.05); however, the lag phase was the longest in the large –supplemented 
bottles. No interaction (P < 0.05) was observed between magnetite concentration and magnetite 
particle size for the lag phase.  
Table 5.2 shows that cumulative methane production and methane yield in the 2 mM of small, 
medium and large magnetite were not significantly different, as compared to the control. However, 
cumulative methane production and methane yield in the 7 mM of small and large magnetite were 
significantly lower, as compared to the control. In addition, the contrast P – value indicates there 
was a statistically significant difference in the CMP and yield observed between the small, medium 
and large-supplemented bottles, as well as between 2 mM of magnetite  and 7 mM of magnetite 
(P <0.05). Furthermore, there was significant interaction between the magnetite concentration and 








The results shown in Table 5.1 and 5.2 indicate that adding magnetite significantly increases the 
methane production rate up to 32 % and reduces the lag phase up to 41 % as compared to the 
control. These results are in agreement with previous findings. For example, Dalla Vecchiaa et al. 
(2016), Cruz Viggi et al. (2014), and Jing et al. (2017) all demonstrated that magnetite-particle 
supplementation to a methanogenic sludge enhanced the rate of methane generation (when 
propionate was the substrate) up to 22 %, 33 % and 44 % respectively. In addition, Cruz Viggi et 
al. (2014) reported that adding 25 mM of magnetite resulted in a 10 % reduction in the lag-phase 
time as compared to their control. Furthermore, as mentioned by Yamada et al. (2015), magnetite 
supplementation accelerated methanogenesis by reducing the time required for complete 
degradation of propionate by 67 % (50 vs 150 days) as compared to the control. Variation in the 
enhancement percentages may result from using different propionate concentrations and/or 
different sludge types. These results suggest that electrically conductive magnetite possibly served 
as electrical conduit between propionate-oxidizing acetogens and carbon dioxide-reducing 
methanogens. This suggestion was supported by Cruz Viggi et al. (2014) who found that in the 
presence of magnetite the theoretical electrical current was 106 times higher (3 × 10−5 A) as 
compared to that in the absence of magnetite (4 × 10−12 A).  Yang et al. (2016) suggested that 
magnetite accelerated the propionate oxidation by acting as an electron acceptor, rather than 
stimulating DIET. In addition, it has been suggested that magnetite acting as electron donor in the 
direct reduction of CO2 to CH4 by hydrogentrophic methanogens (Su et al., 2013; Abdelsalam et 
al., 2017). Other possible action of magnetite in anaerobic digestion is heavy metals removal due 
to their adsorption capacity and thereby reducing the inhibitory effect and the toxicity of the 
excessive amounts of the heavy metals on microorganisms activity (Carlos et al., 2013). During 
the anaerobic digestion the released ferrous ion (Fe2+) could combine with sulfide (S2−) which 
dismissed the inhibitory effects of S2− on microbial communities (Li et al., 2007) and 
correspondingly reduced hydrogen sulfide H2S in biogas and significantly stimulated methane 
production in certain cases (Wang et al., 2016). 
However, magnetite does not have a significant effect on CMP and yield. Jing et al. (2017) reported 
that the maximum methane production (CMP) and methane yield were not significantly different 







magnetite is not used as a nutrient (i.e. source of iron) by the microorganisms. This was supported 
by measurements of ferrous ion concentrations in a separate test that indicated no change in the 
ferrous ion concentration occurred over time in both the magnetite-supplemented and control 
bottles; thereby excluding the possibility of iron acting as a nutrient. Previous studies also support 
these results in that the methane yield in the control bottles (without ferrihydrite) was higher than 
that in the supplemented bottles (with ferrihydrite) indicating that ferrihydrite could not be used as 
a source of iron (Kato et al., 2012a; Li et al., 2015; Yamada et al., 2015; Zhuang et al., 2015b).  
In the present research, it is also noted that the average methane yield was slightly lower (1.12 
mole of methane per total mole of propionate added) than the theoretical methane yield predicted 
(1.75 mole of methane per total mole of propionate added) from the stoichiometry of the propionate 
degradation pathway ( 4𝐶3𝐻5𝑂2
− + 4𝐻+ + 2𝐻2𝑂 →  7𝐶𝐻4 + 5𝐶𝑂2). This is possibly due to the 
incubation was stopped before the substrate was completely utilized by the microorganisms and 
converted to methane. Another possibility is the presence of alternative electron acceptors in the 
mesophilic digested sludge inoculum. Cruz Viggi et al. (2014) assumed that their low methane 
yield was due to the presence of sulfate and nitrate that consumed part of the propionate, via sulfate 
reduction or denitrification. Another reason is that the microorganisms consumed part of the 
supplied propionate to maintain cell growth (Yang et al., 2016).  
Table 5.1 also indicates that both the magnetite concentration and the magnetite size using fresh 
digested sludge does not affect the maximum methane production rate, nor CMP nor yield. 
However, the effect of magnetite supplementation on the reduction of the lag phase depends on an 
interrelationship between size and concentration. On the other hand, using degassed sludge, both 
magnetite concentration as well as magnetite size significantly affects the lag phase, CMP and 
yield; however, both magnetite size and concentration have an independent effect on the maximum 
methane production rate. Previous studies have shown that magnetite has a positive effect on 
methane production only when a suitable particle size and concentration are used. For example, 
Casals et al. (2014) found that biogas production was 66.6 % less when using 24 nm magnetite 
than when using a size of 7 nm. In addition, they showed that methane production increased when 







the magnetite concentration increased. Similarly, the results of testing magnetite at concentrations 
above 20 mM (80, 160 and 320 mM) revealed that both the methane production rate and amount 
was not improved (Yang et al., 2015b; Yang et al., 2016); nor was there any significant change in 
the lag-phase time or the yield or methane production rate using acetate (Yang et al., 2015b). In a 
different study; however, as the magnetite was added at concentrations of 20, 80, 160, and 320 
mM, the methane production rate and the lag phase were similar 0.066, 0.067, 0.064, and 0.063 
mmole/d and 1.9, 1.88, 2.41, and 3.15 d respectively (Yang et al., 2016). Finally, in a recent study, 
a batch experiment conducted with 30 mM sodium propionate at different concentrations of 
magnetite nanoparticles resulted in methane production rates of 4.11, 4.33, and 4.06 mL/d and lag 
phase times of 9.5, 9.6, and 9.1 d; when magnetite was added at concentrations of 0.04, 0.4, and 4 
mM respectively (Jing et al., 2017).  
All these observations suggest that magnetite characteristics play a significant role in methane 
production with much higher concentrations and very large sizes inhibiting the methane production 
process. This can be explained by nanoparticles aggregation; that is to say, an increase in magnetite 
concentration and size leads to a higher frequency of collision and particle-particle interactions, 
which increases the possibility of aggregation (Maximova and Dahl, 2006; Baalousha, 2009). 
Ultimately, excessive aggregation results in a decrease in specific surface area and; 
correspondingly, a decrease in reactivity, thereby undermining the performance of magnetite 
(Tang and Lo, 2013). Another reason for the occasional inhibitory effect of magnetite could be 
impurities (i.e. other metals in the magnetite composition can inhibit or be toxic to the microbial 
community). For example, in this research, the large-sized magnetite particles had other metals 
(i.e. Na, Cl, Si, and Cr) not present in the medium- and small-sized magnetite (Appendix A, Figures 
A.4, A.5, and A.6). In addition, it has been reported that magnetite can lead to microbial 
community changes (i.e. Methanobacterium was not detected in the magnetite cultures but was 
detected in the control (Kato et al., 2012a)). Furthermore, Kassab et al. (2020) reported high 
dosages of zero valent iron can extensively damage bacterial cell membranes through 
decomposition of protein groups. This could lead to accumulation of hydrogen and VFAs causing 







Overall, however, it is difficult to compare studies as many factors besides magnetite size and 
concentration play a role in methanogenesis and further investigation is needed to examine the 
microbial community before and after adding magnetite nanoparticles. Therefore, within the 
parameters of any experiment, it is important to monitor the magnetite size and concentration to 
identify the necessary level of aggregation that improves methane production. In the present study, 
the results suggest that magnetite characteristics (size and concentration) affect the methane 
production kinetic parameters; however, they depend on the sludge age. 
 
To study the effect of sludge age and magnetite on methane production kinetic parameters; the 
data of all magnetite-supplemented bottles (2, 7 and 20 mM of small, medium and large) in both 
fresh and degassed batch experiments was analyzed. The statistical analysis was done using a 2 × 
3 × 3 factorial arrangement treatment (two levels of sludge ages, three levels of magnetite 
concentrations and three levels of magnetite size ranges) through statistical analysis of two-way 
analysis of variance (ANOVA) using a general linear model (GLM) procedure of SAS (2015). 
Table 5.3 indicates that sludge age had a strong effect on methane production kinetic parameters 
in the presence of magnetite. For example, fresh sludge significantly enhanced the maximum 
methane production rate (1.2933 vs 0.6311 mmole/g Vs) and reduced the lag phase (4.6011 vs 
26.1668 days), as compared to degassed sludge. However, the sludge age (fresh vs degassed), did 
not have a significant effect on both CMP and yield.  Magnetite supplementation (different size 
ranges and different concentration levels) also did not have a significant effect on the methane 
production rate by using different sludge ages, with no significant interaction observed between 
magnetite and sludge ages. However, the lag phase time was significantly affected by different 
magnetite size ranges, as well as by different magnetite concentration and this was dependent on 
the sludge’s age. The cumulative methane production and yield were significantly affected by 








Table 5.3. The effect of sludge age on methane production kinetic parameters in the presence of 
magnetite. 







Sludge type     
Fresh 1.2933a 4.6011b 72.1078a 1.1278a 
Degassed 0.6311b 26.1668a 72.5028a 1.0950a 
Standard error 0.024 0.629 1.293 0.021 
P- value     
Magnetite size 0.137 0.002 0.025 0.003 
     
Magnetite concentration 0.494 0.0001 0.062 0.148 
     
Sludge age 0.0001 0.0001 0.762 0.148 
     
Interaction  
Magnetite Size x Sludge age 0.7724 0.0223 
 
0.0036 0.008 
Magnetite concentration x 
Sludge age 0.819 0.0001 
 
0.0045 0.002 
a,b means in the same column with different superscripts are significantly different (P < 
0.05).  
 
The reason for the lower methane production rate and the extension to the lag phase in the degassed 
sludge may be that as the sludge ages in the incubator (i.e. degasses), the microorganisms consume 
most of the available nutrients (i.e. food) and; after a period with no food, the microorganisms 
starve. As such, this may disturb the microbial growth rate sufficiently such that a high 
concentration of large-sized magnetite may have a negative impact on the lag phase, reflected in 
an increase in time that microbial communities need to adjust to a new environment. Regueiro et 
al. (2012) reported a relation between microbial activity and microbial community structure and 
this activity depended upon the type of biomass and the operational conditions that determined the 
growth of specific populations. It has been suggested that the inoculum should be fresh and have 
an active microbial population, with an adequate balance between all the microbial communities 
to ensure that the anaerobic digestion process does not face any limitations (Amann et al., 1995; 
McMahon et al., 2004; Angelidaki et al., 2009). In addition, when the sludge is fresh, the quick 







2008). However, in the present research, the digested sludge was left in the incubator for a month; 
thus, the microorganisms were facing a food shortage meaning the growth slowed as the exhausted 
microbes took time to adjust to the new anaerobic environment and proceed with methane 
production (Manure, 2001; Hadiyarto et al., 2015). These observations are confirmed by the total 
organic carbon data (Figure 5.3). That is, when the sludge was fresh, it contained abundant food 
and the microorganisms were therefore highly active, consuming the organic matter at a high rate 
as denoted by a sharp decrease in the concentration of TOC (day 0 to day 17). By day 20, the 
reducing food availability lowered the growth rate of the microorganisms and the cells started to 
release total organic carbon which is most likely due to cell lysis/endogenous respiration  (Van 
Loosdrecht and Henze, 1999). A similar pattern for TOC increase and explanation was observed 
and offered by Yates and Smotzer (2007) and Rolfe et al. (2012). 
 
 





























The overall results showed that magnetite had a different effect on methane production depending 
on whether from fresh and aged sludge was used. That is to say, magnetite did enhance the methane 
production when microorganisms are in the exponential growth phase as compared when they are 
in the decay phase. This indicate that the effect of magnetite on the methane production kinetic 
parameters depends on the sludge age; with the general recommendation being to add magnetite 
to the fresh sludge to maximize the rate of methane production and reduce the lag phase.
 
The previous results revealed the favourable conditions for the production of methane by adding 
both magnetite and substrate in anaerobic digestion. In order to assess whether endogenous (blank) 
methane production is affected by the presence of magnetite, an experiment was conducted under 
substrate-limited condition as shown in Figure 5.4 and Table 5.4. 
 
Figure 5.4. Methane production as a function of incubation time. The symbols ●, ▲, х and o 
represent the magnetite-supplemented bottles, control bottles, blank bottles and blank with 































Figure 5.4 shows the methane production from the blank bottles (with no magnetite and no 
propionate) and the blank bottles with 7 mM of medium magnetite and no propionate. The results 
indicate that methane production was quite similar for both groups of blank and blank with 
magnetite. 
 
Table 5.4. The effect of magnetite and propionate presence on methane production 
 
Treatment  












       
Blank 0 0 3 0.58 ± 0.06c 1.07 ± 0.04c 8.73 ± 1.21 
       
Blank with 
magnetite 
0 7 3 0.60 ± 0.06c 
 
1.07 ± 0.06c 
 
9.20 ± 0.88 
 
       
Control  27  0 3 0.87 ± 0.04b 7.48 ±0.58a 80.8 ± 2.76 
       
Magnetite 
supplemented  
27 7 3 1.18 ± 0.01a 
 
3.91 ± 0.10b 
 
82.13 ± 2.07 
 
     
Standard error  0.028 0.129 0.801 
       
Main effect     
Magnetite concentration      
0 6 0.724 4.2750 44.567A 
7 6 0.9829 2.4882 45.667A 
      
Propionate concentration      
0 6 0.591 1.0687 8.967Y 
27 6 1.025 5.6945 81.27X 
P - value     
Magnetite concentration  0.0003 0.0001 0.2069 
Propionate concentration  0.0001 0.0001 0.0001 
Interaction of concentration     
(magnetite x propionate)  0.0009 0.0001 0.4519 
a,b,c or X,Y,Z means in the same column with different superscripts are significantly different ( P < 
0.05).  







Table 5.4 shows that no significant difference in maximum methane production rate or lag phase 
were observed by adding magnetite to the biomass (blank bottles). Although the lag phase was 
extended to a great extent in the magnetite-supplemented bottles (as compared to the blank with 
magnetite bottles), apparently, the maximum methane production rate in magnetite-supplemented 
bottles (containing both 7 mM of magnetite and 27 mM of propionate) was 1.5 times the blank 
with magnetite (containing 7 mM of magnetite and no substrate).  
In addition, Table 5.4 indicate that the interaction between propionate and magnetite was 
significant for both maximum methane production rate and the lag phase. On the other hand, it is 
obvious that adding propionate (27 mM) resulted in an increase in the cumulative methane 
production (CMP) as compared to the absence of propionate (0 mM). This because the substrate 
provides plenty of food for microorganisms; however, adding magnetite did not significantly 
increase the cumulative methane produced in the treatments trials.  
These results indicate that adding magnetite to enhance the methane production rate depended on 
the presence of an external substrate. Cruz Viggi et al. (2014) showed that the methane production 
rate was 20 % lower when magnetite was present (but no external substrate), as compared to when 
magnetite was not present, and again no external substrate. These results indicate that the 
stimulatory effect of magnetite to enhance the methane production rate is substrate dependent. This 
also implies that there might be a minimum concentration of substrate required for magnetite 
nanoparticles to serve as electrical conduits. This minimum concentration could be a function of 
number of factors including substrate type, community structure, etc.  Cruz Viggi et al. (2014) 











Both magnetite characteristics (size and concentration) play a role in methane production. Overall, 
using large (800 nm to 4.5 µm) size does not enhance methane production, as compared to small 
(50-150 nm) and medium (168 to 490 nm) size ranges. Both magnetite concentrations 2 mM and 
7 mM enhance the methane production; while, the stimulatory effect of magnetite on methane 
production requires the presence of a substrate.  
In addition, adding magnetite to enhance the methane production is related to the growth phase of 
microorganisms. The findings indicate that magnetite has a positive effect on methane production 
when the digested sludge is fresh (i.e. in the exponential growth phase), as compared to aged (i.e. 
in the decay phase). Adding magnetite enhanced the methane production rate by 32 % and 12 % 
in the fresh and degassed sludge, respectively, as compared to the control. In addition, the lag 
phase was 41 % shorter and 17 % shorter in the fresh and degassed sludge, respectively, as 
compared to the control. However, no improvement in methane yield was observed, as compared 
to the control. These results could have a broad impact influencing the maximum methane 








 CHAPTER 6. EFFECT OF MAGNETITE ON METHANE 
PRODUCTION FROM MESOPHILIC SLUDGE THAT IS 




This chapter investigates the effect of magnetite (medium-sized at 0, 2, 7 and 20 Mm) on methane 
production from different substrates (acetate, propionate and glucose). Each substrate was tested 
separately at three different concentrations corresponding to initial COD:VS ratios of 2:1, 4:1 and 
8:1. The volatile solids (VS) concentration was fixed in all bottles to be 1.5 g/L. All bottles were 
run in triplicate.  
Blank bottles were tested to examine the sludge’s baseline (or endogenous) activity (no substrate 
and no magnetite). Control bottles had substrate and no magnetite. Magnetite-supplemented bottles 
had both substrate and magnetite. Figure 6.1 shows the experimental design to investigate the 
effect of different concentration of magnetite (MNP) on methane production using acetate, 
propionate, and glucose as a substrates.  
Data was presented as mean ± standard deviation of triplicate. As the experiment had three levels 
of substrate concentrations (COD:VS of 2:1, 4:1 and 8:1) and four levels of magnetite 
concentrations (0, 2, 7, and 20 mM), the data was evaluated by 3 × 4 factorial arrangement 
treatments through statistical analysis of two-way of variance (ANOVA) using the general linear 
model (GLM) procedure of SAS (2015). The data was analyzed by two-way ANOVA to determine 
the main effects and their interaction. Differences were considered to be significant at P < 0.05 








Figure 6.1. Experimental design to investigate separately the effect of different concentration of 
acetate, propionate and glucose in the presence of magnetite (MNP) on methane. Volatile solid 
(VS) in all batch experiments was 1.5 g/L. 
 
Methane from the blank bottles (no substrate and no magnetite) reached a maximum of 4.84 
mmole/g VS and since this amount was very small it was neglected (Figure 6.2).  
 
Figure 6.2. Methane production from blank bottles. 
Fresh Floccuent Sludge













































The methane production profiles from different substrates (i.e. acetate, propionate and glucose) 
are shown in Figures 6.3, 6.4 and 6.5. Each figure presents the methane production from specific 
substrate at three different concentrations (2 COD: 1 VS, 4 COD: 1 VS, and 8 COD: 1 VS) with 
the addition of different magnetite concentrations (2, 7 and 20 mM) as well as in the absence of 
magnetite (control bottles). 
Figure 6.3 shows that methane production from acetate at 2 COD: 1 VS ratio was clearly observed 
at day 3 and produced at approximately the same speed in the bottles until day 14. After that (from 
day 15 to day 30), a large amount of methane was produced in the magnetite-supplemented bottles 
(13 versus 9.56 mmole/g VS at day 30), as compared to the control. At a COD:VS ratio of 4:1, the 
methane production started at day 3 in all bottles but reached a plateau faster in the magnetite-
supplemented bottles (after 11 vs 14 days) as compared to the control. However, around 14.77 
mmole/g VS was produced in all bottles at day 30. The methane production at 8 COD: 1 VS ratio 
was produced at similar speed in all bottles and reached a plateau at day 20; however, the amount 
of methane at day 30 was higher in the magnetite-supplemented bottles (21.8 vs 19.8 mmole/g VS) 
as compared to the control. It is obvious that by increasing the acetate concentration from 2 COD: 








Figure 6.3. Methane production (mmole/g VS) over 30 days of incubation. Figures A-Ratio(2), A-
Ratio(4) and A-Ratio(8) represent methane production from acetate at 2 COD: 1 VS, 4 COD: 1 
VS and 8 COD: 1 VS ratios respectively. The symbols ▲, ■, ●, and o represent the control, 2 mM 
of magnetite, 7 mM of magnetite, and 20 mM of magnetite respectively. Error bars represent the 






































































Figure 6.4 shows that at a propionate ratio of 2 COD: 1 VS; methane production started at day 5 
and continued until day 25. After that, the amount of methane produced in the magnetite-
supplemented bottles was larger than the control bottles reaching 16 mmole/g VS at day 55 as 
compared to 14.06 mmole/g VS. 
At a propionate ratio of 4 COD: 1 VS, the methane was produced after 7 - 9 days in all bottles and 
then was produced more rapidly in the magnetite-supplemented bottles to reach around 16.5 
mmole/g VS at day 55 as compared to 14.37 mmole/g VS the control bottles. 
By increasing the propionate ratio up to 8:1, the methane began to be produced after 12-14 days 
in all bottles and was then produced more rapidly in the magnetite-supplemented bottles, as 
compared to control bottles. At day 30 and day 41, the methane amount in the magnetite-
supplemented bottles (9.46 and 13.23 mmole/g VS respectively), doubled that of the control (4.51 
and 7.95 mmole/g VS respectively). At day 55, the produced methane reached 15.38 mmole/g VS 








Figure 6.4. Methane production from propionate over the incubation time. P-Ratio(2), P-Ratio(4) 
and P-Ratio(8) represent methane production from propionate at 2 COD: 1 VS, 4 COD: 1 VS 
and 8 COD: 1 VS ratios respectively. The symbols ▲, ■, ●, and o represent the control, 2 mM of 
magnetite, 7 mM of magnetite, and 20 mM of magnetite respectively. Error bars represent the 



































































At the glucose ratio of 2:1 (Figure 6.5), although all bottles produced methane at a similar speed 
from day 0 to day 18, a lower amount of methane was produced in the control bottles from day 22 
to day 36 as compared to the magnetite-supplemented bottles. However, all bottles produced 11 
mmole/g VS of methane at day 44. 
At the glucose ratio of 4 COD: 1 VS, the control bottles produced methane earlier (18 vs 22 days), 
as compared to the magnetite-supplemented bottles; however, at day 30 magnetite-supplemented 
bottles of 7 and 20 mM started to produce methane more rapidly as compared to the control. At 
day 44, the magnetite-supplemented bottles had methane amounts of 11.35 mmole/g VS as 
compared to 8.66 mmole/g VS in the control bottles.  
Figure 6.5 shows that by increasing the glucose concentration to 8 COD: 1 VS no methane 
production was observed in all bottles until day 26. After that, the 7 mM, 20 mM and 2 mM 
magnetite-supplemented bottles produced methane more rapidly to reach 3.19, 1.73 and 1.04 









Figure 6.5. Methane production from glucose over the incubation time. G-Ratio (2), G-Ratio (4) 
and G-Ratio (8) represent methane production from glucose at 2 COD: 1 VS, 4 COD: 1 VS and 8 
COD: 1 VS ratios respectively. The symbols ▲, ■, ●, and o represent the control, 2 mM of 
magnetite, 7 mM of magnetite, and 20 mM of magnetite respectively. Error bars represent the 

































































Tables 6.1, 6.2 and 6.3 present the methane production kinetic parameters in terms of maximum 
methane production rate (mmole/g VS/ d), lag phase duration (day), maximum cumulative 
methane production (mL) and methane yield (mole methane produced per mole substrate added) 
from acetate, propionate and glucose, respectively. Tables 6.1, 6.2 and 6.3 show that the coefficient 
of determination (R2) values (obtained by fitting a modified Gompertz model to the experimental 
methane-accumulation curves by non-linear regression using SPSS software) were between 0.95 
– 0.99. This indicates that the modified Gompertz model adequately describes the experimental 
data. Tables 6.1, 6.2 and 6.3 also show the standard deviation (SD) and standard error (SE) for 








Table 6.1. The effect of magnetite addition on methane production kinetic parameters at three 
different concentrations of acetate. 














2 0 3 1.152 ± 0.07c,d 2.059±  0.13c 41.43± 2.91e 0.574b 0.99 
 2 3 1.049 ± 0.06d 0.961± 0.12d 56.05± 0.88d 0.776a 0.99 
 7 3 1.013 ± 0.02d 1.106± 0.06d 56.39± 1.40d 0.781a 0.99 
 20 3 1.027 ± 0.07d 1.223± 0.11d 55.28± 0.21d 0.765a 0.99 
        
4 0 3 1.32± 0.08c 2.288± 0.25b 62.43± 1.62c 0.432d,c 0.99 
 2 3 2.104± 0.20a 3.166± 0.26a 59.58±2.36d,c 0.412d 0.98 
 7 3 2.043± 0.11a 3.099± 0.15a 63.96±0.59c 0.443c 0.98 
 20 3 1.59± 0.04b 2.24± 0.17c,b 64.00±0.60
c 0.443c 0.99 
        
8 0 3 1.268± 0.03c 3.098± 0.04a 85.67±2.62b 0.296f 0.99 
 2 3 1.336± 0.04c,b 2.396± 0.04b 91.23±2.86a 0.316f,e 0.99 
 7 3 1.334± 0.02c,b 2.875± 0.07a 91.04±5.34a 0.315f,e 0.99 
 20 3 1.483± 0.14b 2.532± 0.37b 94.42±5.17a 0.327e 0.98 
Standard error 0.052 0.101 1.58 0.0098  
Main effect      
Magnetite concentration       
0 9 1.248 2.391 63.18 0.434  
2 9 1.496 2.174 68.95 0.502  
7 9 1.464 2.360 70.46 0.513  
20 9 1.367 1.998 71.24 0.512  
       
COD:VS       
2 12 1.060 1.338 52.29 0.724  
4 12 1.765 2.698 62.50 0.433  
8 12 1.355 2.657 90.59 0.314  
P- value       
Magnetite concentration 0.0001  0.0002 0.0001 0.0001  
Acetate concentration 0.0001 0.0001 0.0001 0.0001  
Interaction  




0.0001 0.0006 0.0001 
 
a,b,c,d,e,f means in the same column with different superscripts are significantly different ( P < 0.05). 
N: is the number of observation. The lag phase time (days), Rate: The maximum methane production 
rate (mmole/g VS/d), CMP: Maximum cumulative methane produced (mL CH4), Methane yield: 
calculated at day 30 by dividing the cumulative mole of CH4 with the total mole acetate added, R
2: 








Table 6.2. The effect of magnetite addition on methane production kinetic parameters at three 
different concentrations of propionate. 














2 0 3 0.542± 0.03ba 4.42± 0.35f 60.90± 2.20 0.781c 0.99 
 2 3 0.576± 0.01ba 3.70± 1.04f 73.87± 1.09 0.947a 0.99 
 7 3 0.568± 0.01ba 4.16± 0.10f 71.58±0.75 0.918b 0.99 
 20 3 0.555± 0.01ba 5.40± 0.10f 70.15±2.10 0.899b 0.99 
        
4 0 3 0.493± 0.06cb 10.88± 0.77d 62.26± 3.49 0.399f 0.99 
 2 3 0.531± 0.02b 8.22±  0.61e 73.09± 0.83 0.469d 0.98 
 7 3 0.613± 0.07a 8.65± 1.33e 68.24± 3.14 0.437e 0.99 
 20 3 0.596± 0.02a 9.52± 0.47ed 70.05± 1.41 0.449ed 0.99 
        
8 0 3 0.455± 0.03c 20.92± 1.30a 53.35± 0.78 0.171h 0.99 
 2 3 0.644± 0.01a 16.11± 0.63b 66.01± 0.20 0.212g 0.99 
 7 3 0.595± 0.02a 14.78± 1.62cb 65.03± 5.33 0.209g 0.99 
 20 3 0.597± 0.02a 14.28± 2.01c 66.63± 1.85 0.213g 0.99 
Standard error 0.018 0.611 1.38 0.0094  
Main effect      
Magnetite concentration      
0 9 0.496 12.07 58.84Z 0.450  
2 9 0.584 9.34 70.99X 0.543  
7 9 0.592 9.20 68.28X 0.521  
20 9 0.583 9.73 68.94X 0.521  
       
COD:VS       
2 12 0.560 4.42 69.12A 0.886  
4 12 0.558 9.32 68.41A 0.438  
8 12 0.573 16.52 62.76B 0.201  
P- value      
Magnetite concentration 0.0001 0.0001 0.0001 0.0001  
Propionate concentration 0.4907  0.0001  0.0001 0.0001   
Interaction  
( Magnetite x Propionate) 0.0009 0.0001 0.265 0.0001 
 
a,b,c,d,e,f,g  or A,B or X,Y,Z means in the same column with different superscripts are significantly 
different ( P < 0.05). N: is the number of observation. Rate: The maximum methane production 
rate (mmole/g VS/d), The lag phase time (days), CMP: Maximum cumulative methane produced 
(mL CH4), Methane yield: calculated at day 54 by dividing the cumulative mole of CH4 with the 







Table 6.3. The effect of magnetite addition on methane production kinetic parameters at three 
different concentrations of glucose 














2 0 3 0.35 ± 0.01c,d 2.67 ± 0.58f 49.09± 8.85 1.093 0.97 
 2 3 0.44 ±0.03c 2.04 ± 0.93f 46.43±  4.56 1.033 0.95 
 7 3 0.46 ± 0.04c 2.18 ± 1.34f 45.03 ± 3.26 1.003 0.96 
 20 3 0.49 ± 0.06c 1.85 ± 1.23f 47.26 ± 4.66 1.053 0.97 
        
4 0 3 0.32 ± 0.02c,d 11.00 ± 1.00e 37.53 ± 13.66 0.418 0.98 
 2 3 1.08 ± 0.16a 27.67 ± 2.31b 46.87 ±  8.91 0.522 0.99 
 7 3 0.69 ± 0.09b 20.00 ± 1.73c,d 49.67 ± 2.35 0.553 0.98 
 20 3 0.83 ± 0.14b 18.67 ± 1.15d 49.18± 1.41 0.548 0.99 
        
8 0 3 ------- -----       -------- ------  
 2 3 0.11 ± 0.01d 24.00 ± 1.00c 1.10 ± 0.10 0.06 0.98 
 7 3 0.53 ± 0.21b,c 30.33 ± 0.58a 15.15 ± 1.57 0.080 0.98 
 20 3 0.21 ± 0.06d 21.67 ± 3.21c 7.50 ± 1.34 0.043 0.97 
Standard error  0.055 0.863 3.371 0.053  
Main effect      
Magnetite concentration       
0 9 0.223 4.556 28.88Y 0.51X  
2 9 0.541 17.91 31.469XY 0.54X  
7 9 0.561 17.50 36.617X 0.55X  
20 9 0.512 14.063 34.65XY 0.55X  
       
COD:VS       
2 12 0.438 2.19 46.950A 1.05A  
4 12 0.727 19.33 45.81A 0.51B  
8 12 0.213 19.00 5.943B 0.05C  
P- value      
Magnetite concentration 0.0001 0.0001 0.0463 0.75  
Glucose concentration 0.0001 0.0001 0.0001 .0001  
Interaction  
( Magnetite x Glucose) 0.0001 0.0001 0.0872 0.48 
 
a,b,c,d,e,f  or A,B,C or  X,Y,Z means in the same column with different superscripts are significantly 
different (P < 0.05). N: is the number of observation. Rate: The maximum methane production rate 
(mmole/g VS/d), The lag phase time (days), CMP: Maximum cumulative methane produced (mL 
CH4), Methane yield: calculated at day 45 by dividing the cumulative mole of CH4 with the total 







The maximum methane production rate is related to both of the substrate concentration and the 
presence of magnetite. Increasing the substrate concentration of acetate and glucose up to 4 COD: 
1 VS with the presence of magnetite enhanced the methane production rate as compared to 
increasing the substrate concentration in the absence of magnetite. Table 6.1 shows that the 
maximum methane production rate in the control bottles did not change significantly by increasing 
the concentration of acetate (1.152 and 1.32 mmole/g VS at COD:VS ratios of 2:1 and 4:1 
respectively). Contrary to that, adding 2, 7 and 20 mM of magnetite at the acetate ratio of 4 COD: 
1 VS significantly increased the maximum methane production rate 2 times, 2 times and 1.5 times, 
respectively, as compared to that at an acetate ratio of 2 COD: 1 VS. Table 6.3 shows that the 
maximum methane production rate in the control bottles did not change significantly by increasing 
the concentration of glucose (0.35 and 0.32 mmole/g VS at COD:VS ratios of 2:1 and 4:1 
respectively). However, adding 2, 7 and 20 mM of magnetite at the glucose ratio of 4 COD: 1 VS 
significantly increased the maximum methane production rate 2.5 times, 1.5 times and 1.7 times, 
respectively, as compared to that at a glucose ratio of 2 COD: 1 VS.  
The lag phase duration strongly depends on the substrate concentration; as the substrate 
concentration increases the lag phase increases. However, increasing the substrate concentration 
of acetate, propionate and glucose with the presence of magnetite did not increase the lag phase as 
much as that in the absence of magnetite. Table 6.1 shows that increasing the acetate COD:VS 
ratio from 4:1 to 8:1 resulted in a significant increase in the lag phase duration in the control bottles 
by 35 %. Furthermore, adding 2, 7 and 20 mM of magnetite at the acetate ratio of 4 COD: 1 VS 
significantly decreased the lag phase duration by 32.1 %, 7.7 % and 11.5 %, respectively, as 
compared to that at an acetate ratio of 8 COD: 1 VS. Table 6.2 indicates that increasing the 
propionate COD:VS ratio from 2:1 to 4:1 and then from 4:1 to 8:1 resulted in a significant increase 
in the lag phase duration from around 6 days and 10 days in the control bottles as compared to 
around 4.4 days and 6.3 in the magnetite-supplemented bottles respectively. Table 6.3 shows that 
increasing the concentration of glucose to 8 COD: 1 VS in the absence of magnetite increased the 
lag phase beyond the incubation period (i.e. no methane production was observed), as compared 







On the other hand, the overall results of the present study show that under a specific substrate 
concentration, magnetite has the ability to enhance the methane production rate (up to 59 % from 
acetate at 4 COD: 1 VS and 41.5 % from propionate at 8 COD: 1 VS) and reduce the lag phase 
duration (up to 59 % and 32 % in the acetate and propionate fed cultures respectively) as compared 
to the control. The positive effect of adding magnetite on enhancing the maximum methane 
production rate and reducing the lag phase in glucose-cultivated culture is also clear at ratio of 8 
COD: 1 VS. 
Increasing the concentration of acetate, propionate and glucose with the presence of magnetite 
enhanced the CMP as compared to increasing the concentration in the absence of magnetite. Table 
6.1 also shows that increasing the concentration of acetate from 4 COD: 1 VS to 8 COD: 1 VS 
significantly increased the CMP by 47.2 % and 37.2 % in the magnetite supplemented and control 
bottles respectively. Table 6.2 shows that increasing the concentration of propionate from 4 COD: 
1 VS to 8 COD: 1 VS significantly decreased the CMP by 7.2 % and 17 % in the magnetite 
supplemented and control bottles respectively. Table 6.3 shows that increasing the concentration 
of glucose from 2 COD: 1 VS to 4 COD: 1 VS significantly decreased the CMP by 30.8 % in the 
control bottles whereas no significant change in the CMP was observed in the magnetite-
supplemented bottles. In addition, increasing the concentration of glucose from 4 COD: 1 VS to 8 
COD: 1 VS the control bottles did not produce methane as compared to magnetite-supplemented 
bottles.  
Furthermore, increasing the concentration of acetate, propionate and glucose decreased the 
methane yield in all bottles with and without the presence of magnetite.  
On the other hand, the present results indicate that adding magnetite under a specific concentration 
of acetate and propionate increased the CMP and yield productions as compared to the control. 
This can be explained because in the acetate and propionate experiments, the analysis was stopped 
prematurely. It could be possible to produce more methane from the control bottles (no magnetite) 







The effect of increasing the substrate concentration on methane production is related to the 
magnetite concentration. Adding magnetite at concentrations of 2 mM, 7 mM and 20 mM was 
within a suitable concentration limit to have a positive effect on methane production. The main 
effect indicates that increasing the magnetite concentration from 2 mM to 7 mM and 20 mM did 
not show a significant difference in the maximum methane production rate, CMP and yield from 
acetate, propionate and glucose. On the other hand, adding 20 mM significantly shorted the lag 
phase as compared to 2 and 7 mM in acetate and glucose cultivated cultures. Table 6.1, Table 6.2 
and Table 6.3 also show that a significant interaction between magnetite concentration and 
substrate (acetate, propionate and glucose) concentration (P = 0.0001 < 0.05) was relevant for the 
maximum methane production rate and lag phase duration. In addition, a significant interaction 
between magnetite concentration and substrate (acetate but not glucose) concentration was 
relevant for the CMP and yield. No significant interaction between magnetite concentration and 
propionate concentration was found for the CMP; however, a significant interaction for the yield 
was observed. 
The results from this research are in agreement with several studies that have reported that adding 
conductive materials (such as magnetite, granular activated carbon, biochar and graphene) increase 
the methane production rate. For example, the maximum methane production rate from propionate 
was increased by ̴ 44 % (Jing et al., 2017) and 33 % (Cruz Viggi et al., 2014) with the addition of 
4.5 mM and 25 mM of magnetite respectively. In addition, adding 20 mM of magnetite to enriched 
paddy soil (with 20 mM of acetate) led to a 33 % - 40 % acceleration in the methane production 
rate (Kato et al., 2012a). Furthermore, adding granular activated carbon to an anaerobic digester 
sludge fed by acetate produced a 1.8-fold methane rate higher than that of control (Lee et al., 2016). 
Similarly, an anaerobic digester sludge fed with glucose showed an increase of 51.4 % in the 
methane production rate when graphene was added to the medium (Tian et al., 2017) and of 21 % 
when the medium was supplemented with biochar (Luo et al., 2015) supplementations 
respectively. Cruz Viggi et al. (2014) supported the present findings, when they observed that 
adding magnetite resulted in a reduction of lag phase (10 %), as compared to the control. 
Furthermore, Yamada et al. (2015) reported that the time required for complete degradation of 







the methane production rate and reducing the lag phase in the presence of magnetite suggest that 
magnetite can serve as electrical conduits, which enable electrons to transfer between electron-
donating and electron-accepting organisms more rapidly than in the absence of magnetite. Cruz 
Viggi et al. (2014) and Lin et al. (2018) confirmed this when they stated that magnetite and biochar 
in anaerobic digestion served as electrical conduits resulting in the highest maximum methane 
production rate and the shortest lag phase time. They supported that assertion by calculation of the 
theoretical electron carrier fluxes values for magnetite and graphene were 7.5 x 106 and 0.0004 x 
106, respectively, higher than that via IET. 
The results also indicate that the main observed effects of the substrate (acetate, propionate and 
glucose) concentration are an increase in the duration of the lag phase, an increase in CMP and a 
decrease in methane yield. However, increasing the COD:VS ratio of acetate and glucose up to 4:1 
and of propionate up to 8:1 enhances the maximum methane production rate. This can be explained 
in that compared to low substrate concentrations, when high substrate concentrations are added, 
microorganisms need more time to adjust to the high substrate concentration and produce methane. 
This results in extension of the lag phase. Once the microorganisms adjusted to the new 
environment, they start to produce methane rapidly (a higher methane production rate) and as a 
result large amounts of methane are produced at the end of the incubation time (CMP). However, 
the total amount of methane was lower than the predicted value (thermodynamically) and this 
result in a decrease in the methane yield (mmole methane per mmole substrate).    
Cruz Viggi et al. (2014) revealed that testing magnetite without an external substrate showed that 
the methane production rate was higher in the absence of magnetite than in their presence. Other 
studies have shown that in the presence of magnetite, the methane production rate increased with 
increasing the concentration of acetate and propionate up to 50 and 20 mM respectively; whereas 
when substrate concentrations were increased above those limits, no significant enhancement in 
methane production rate was observed (Yang et al., 2015b; Yang et al., 2016). 
The above results suggest that in the presence of magnetite, a substrate would enhance 
performance of methane production by serving as electrical conduits if the substrate was provided 







On the other hand, it has been reported that excessively increasing the substrate concentration can 
cause a rapid pH drop and inhibit methanogen activity thus reducing methane production (Fang 
and Liu, 2002; Jiang et al., 2012). This was clearly seen in Figure 6.6, which presented the 
measured pH values at day 45 of the liquid medium in the serum bottles that contained glucose as 
a substrate. It also shows that increasing the concentration of glucose from 2:1 to 4:1 resulted in a 
pH drop from 6.9 to 6.5 in the magnetite-supplemented bottles, as compared to a pH drop from 
6.88 to 5.53 in the control bottles. In addition, increasing the concentration of glucose to 8:1 
resulted in a pH drop to an average of 4.7 and 4.44 in the magnetite supplemented and control 
bottles respectively. This indicates that when increasing the glucose concentration up to 4 COD: 1 
VS, adding magnetite keeps the pH close to 7. However, the glucose concentration of 8 COD: 1 
VS is a critical concentration (too high), even in the presence of magnetite, to produce methane.  
 
Figure 6.6. The pH value of liquid medium in the serum bottles that contained glucose as a 
substrate. pH was measured at day 45 ( the end of incubation). C, M-2, M-7 and M-20 present the 
pH value in the control, magnetite of 2 mM, magnetite of 7 mM and magnetite of 20 mM bottles 















































































To study the effect of substrate type on methane production in the presence of magnetite, the 
substrate ratio of 4 COD: 1 VS was selected as a case study. Data was presented as mean ± standard 
deviations (of triplicates). As the experiment had three levels of substrate types (acetate, 
propionate, and glucose) and three levels of magnetite concentrations (2, 7, and 20 mM), the data 
was evaluated by 2 × 3 factorial arrangement through statistical analysis of two-way of variance 
(ANOVA) using the general linear model (GLM) procedure of SAS (2015). The data was analyzed 
by two-way ANOVA to determine the main effects and their interaction. Differences were 
considered to be significant at P < 0.05 and significant differences between means were separated 
by Least Significant Difference tests. 
The methane production kinetic parameters in the magnetite-supplemented bottles (2, 7 and 20 
mM) using 4 COD: 1 VS of acetate (50 mmole/L), 4 COD: 1 VS of propionate (54 mmole/L) and 
4 COD: 1 VS of glucose (31 mmole/L) were statistically analyzed.  
Table 6.4 shows that the substrate type had a significant effect on the maximum methane 
production rate, the lag phase, the CMP and the yield (P < 0.05). In addition, a significant 
interaction between magnetite concentration and substrate type was relevant for the maximum 







Table 6.4. The effect of substrate type on methane production kinetic parameters. 







Substrate type     
Acetate 1.9122a 2.8848a 62.5167b 0.4333b 
Propionate 0.5800c 8.7962b 70.4604a 0.4518b 
Glucose 0.8633b 22.111c 48.5756c 0.5411a 
Standard error 0.065 0.671 1.979 0.021 
P- value     
Magnetite concentration 0.0014 0.0001 0.7482 0.779 
     
Substrate type 0.0001 0.0001 0.0001 0.0001 
     
Interaction      
Magnetite concentration x 
Substrate type 0.003 0.0001 
 
0.1881 0.513 
a,b,c means in the same column with different superscripts are significantly different (P 
< 0.05).  
 
The highest value of the maximum methane production rate in the presence of magnetite was 
observed when acetate was used (1.9122 mmole/g VS), as compared to propionate and glucose. In 
addition, Table 6.4 shows that the time needed to observe the production of methane (the lag phase 
time) increased from 2.88 days to 8.79 and 22.11 days when acetate (C2H3O2), propionate 
(C3H6O2) and glucose (C6H12O6) were used respectively. These results indicate that organic 
material with a low number of carbon atoms produce methane more quickly than substrates 
containing a greater number of carbon atoms. More specifically, acetate and propionate can be 
directly used by methanogens whereas glucose needs to be transformed through metabolic 
pathways into acetate and propionate before being used as a substrate by methanogens. Yamada 
et al. (2015) support this observation since their results show that under the same conditions of 
magnetite supplementation, the degradation of acetate was completed after 15 days, compared to 
50 days for propionate. Methane production when magnetite was introduced with acetate was 70 
% faster than with propionate. Guo-Qin et al. (2016) stated that; since acetate changes relatively 
quickly to acetic acid; the hydrogen-producing acetogenic microorganisms are very active 







makes methane production in acetate-cultivated cultures easier than that in propionate and glucose 
cultivated cultures. 
Table 6.4 shows that the cumulative methane production was significantly higher for propionate 
as compared to acetate and glucose. In addition, the methane yield was calculated as mmole 
methane at the end of the incubation period per mmole of initial substrate added. The theoretical 
methane yield is derived from the equations for acetate degradation  𝐶𝐻3𝐶𝑂𝑂
− +  𝐻2𝑂 → 𝐶𝐻4 +
𝐻𝐶𝑂3
− , ∆ 𝐺𝑜′ =  −31 𝐾𝐽 𝑚𝑜𝑙⁄  (Yang et al., 2015b), propionate degradation 4𝐶𝐻3𝐶𝐻2𝐶𝑂𝑂
− +
 4𝐻+ +  2𝐻2𝑂 →  7𝐶𝐻4 +  5𝐶𝑂2 , ∆𝐺𝑜
′ = 76 𝐾𝐽 𝑚𝑜𝑙⁄  (Cruz Viggi et al., 2014) and glucose 
degradation 𝐶6𝐻12𝑂6 + 3𝐻2𝑂 →  3𝐻𝐶𝑂3
− + 3𝐶𝐻4 + 3𝐻
+ , ∆ 𝐺𝑜′ =  −16.8 𝐾𝐽 𝑚𝑜𝑙⁄  (Nakano 
and Zuber, 2004). As shown on Table 6.4, the methane yield from acetate was twice as low as the 
theoretical (0.433 vs 1), 4 times lower than the theoretical value for propionate (0.4518 vs 1.75), 
and 6 times lower than the theoretical value for glucose (0.5411 vs 3). The theoretical value is 
generally calculated according to the assumption that the substrate is totally consumed; whereas, 
the actual value was calculated at specific time (days) (for acetate at day 30, propionate at day 54 
and glucose at day 45). This means that not all the substrate had been degraded by the time the 
incubations periods were stopped. 
 
In the present study, acetate and propionate were investigated for establishing DIET via magnetite 
in AD. For the calculations using acetate as a substrate, the following reactions apply (Fotidis et 
al., 2014): 
Acetate− +  4H2O → 2HCO3
− + 9 𝐻+  + 8 𝑒−                                                ∆𝐺𝑂 
′ = +104.6 𝑘𝐽  
8 𝑒− +  𝐻𝐶𝑂3
− + 9 𝐻+  → 𝐶𝐻4  +   3𝐻2𝑂                                                       ∆𝐺𝑂 
′ =  −135.6 𝑘𝐽 
 
For the calculations using propionate as a substrate, the following reactions apply: 
4 Propionate− +  12H2O →  4 Acetate
− + 4 HCO3
−  + 24𝑒− + 28 H+              ΔGo' = +304.4 kJ 
27 H+ + 3 HCO3








Table 6.5 shows the values of theoretical calculation of interspecies electron transfer via H2 
diffusion and via Magnetite-DIET based on Fick’s diffusion law and the Nernst equation as 
reported by Cruz Viggi et al. (2014) and Lin et al. (2018). These calculations were done under 
several assumptions. Namely, an inter bacterial distance of 5 x10-7 m, an average cell diameter of 
2 x 10-6 m for both acetogens and methanogens, spherical shape for both types of bacteria, the 
electrons released are transferred to methanogens via an electron conduit consisting of magnetite 
particles, the electrical conduit was assumed to be a wire, and the concentration of the reactants 
and products were used as reported in the literature. 
 
The maximum electron transfer via H2 was calculated based on Fick’s diffusion law  
𝑖 =  𝐷𝑓 ∗  
𝑆𝑐𝑒𝑙𝑙
𝑑
∗  ([𝐻2]𝐻𝑖𝑔ℎ𝑒𝑠𝑡 − [𝐻2]𝐿𝑜𝑤𝑒𝑠𝑡) ∗ 𝑛 ∗ 𝐹 
where Df  : Diffusion coefficient of H2 in water; 4.5 x10
-9 m2/s, Scell : Surface area of the cell; 
(spherical with diameter of 2 x 10-6 m) 1.268 x10-11 m2, d : Distance between cells; 5 x10-7 m, n : 
Mol of electron per mole of H2, F : Faraday’s constant; 96485 s*A/mol, ΔG
ό : Standard Gibbs free 
energy change per reaction, R: 0.00831451 kJ/mol/K, and T: 308.15 K.  
The maximum electron transfer via magnetite - DIET was calculated based on the Nernst equation; 
𝑖 =  𝜎 ∗  
𝑆𝑐𝑜𝑛𝑑𝑢𝑖𝑡
𝑑
∗  (𝐸𝑚𝑒𝑡 − 𝐸𝑎𝑐𝑒) 
(𝐸𝑚𝑒𝑡 − 𝐸𝑎𝑐𝑒) =  
−∆𝐺′
𝑛 ∗ 𝐹⁄  
where σ : Electrical conductivity of magnetite; 2.5 x 10
6 Ω/m2, Sconduit: Cross-sectional area of the 
conductive material; (a wire with diameter of 168 – 490 x10-9 m), d : Distance between cells; 5 
x10-7 m, n : mol of electron per reaction, F : Faraday’s constant ; 96.485 kJ/mol.V, ΔGό : Standard 








A sample of the theoretical calculation of interspecies electron transfer via H2 diffusion and via 
magnetite-DIET is illustrated in Appendix G. 
Table 6.5. Theoretical calculation of DIET/IET 
Parameters Substrate 
 Acetate Propionate 
∆GO’ Oxidation +104.6 +304.4 
∆GO’ Reduction -136 - 408 
∆GO’Overall -31.4 - 103.6 
[HCO-3] 0.03 M 0.03 M 
[C2H3O2
−] 0.0005 M 0.0005 M 
[C3H5O2
−] X 0.005 M 
[CH4] 2.04 x 10
-5 M 2.04 x 10-5 M 
[H2] Highest 0.0226 mol/m
3 0.2494 mol/m3 
[H2] Lowest 0.00018 mol/m
3 0.00018 mol/m3 
Mole of electron per reaction 8 24 
Mole of H2 4 12 
∆E 0.0622 V 0.09 V 
Flux via IET 49.5 x 10-11 A 549 x 10-11 A 
Flux via DIET(small magnetite size) 2.47 x 10
-5 A 3.69 x 10-5 A 
Flux via DIET(medium magnetite size) 26.7 x 10
-5 A 39.9 x 10-5 A 
Flux via DIET(large magnetite size) 1730 x 10
-5 A 2950 x 10-5 A 
   
DIET(small magnetite size)/ IET 0.0498 x 10
6 0.00672 x 106 
DIET(medium magnetite size)/ IET 0.539 x 10
6 0.0727 x 106 
DIET(large magnetite size)/ IET 35 x 10
6 4.72 x 106 
   
 
The ratio between electrons transfer via DIET and via H2 diffusion for acetate and propionate were 
0.539 x 106 and 0.0727 x 106 respectively. On one hand, this indicates that magnetite can serve as 
electrical conduits and enable the electrons to transfer faster. On the other hand, these results are 
in agreement with the results of the main effect of acetate and propionate (Table 6.4). The 
maximum methane production rate in acetate cultivated culture was 4 times, as compared to the 
maximum methane production rate in propionate cultivated culture. This confirms that acetate 
degrades more quickly as compared to propionate (Section 6.2.3). In addition, as the size of 
magnetite increaded the DIET flux increase, however that was not in agreement with the obtained 







cells, which might play a role and put a limit to the particle size that promotes DIET. These results 
suggest that adding magnetite to an anaerobic digester may significantly enhance the ability of 
anaerobic digestion to produce methane at a faster rate than conventional methods. 
 
The magnetite performance depends on the substrate types and concentrations as well as the 
magnetite concentration. The COD:VS ratio of 4:1 was the best to produce the maximum methane 
production rate in the presence of magnetite from acetate (on average 2.0735 mmole/g VS/d) and 
glucose (1.08 mmole/g VS/d). Whereas the COD:VS ratio of 8:1 was the best to produce the 
maximum methane production rate from propionate (on average 0.612 mmole/g VS/d). The 
findings of this chapter indicate that increasing the acetate COD:VS ratio from 4:1 to 8:1 in the 
presence of 2, 7 and 20 mM of magnetite resulted in shortening the lag phase by a significant 
amount (32.1 %, 7.7 % and 11.5 % respectively). In addition, increasing the propionate COD:VS 
ratio from 2:1 to 4:1 and then from 4:1 to 8:1 resulted in a significant increase in the lag phase 
duration around 4.4 days and 6.3 days, respectively, in the magnetite-supplemented bottles. 
Acetate produced the highest value of the maximum methane production rate in the presence of 
magnetite as compared to that from propionate and glucose. The theoretical calculations of 
electrons flux indicate that magnetite can serve as electrical conduits and enable the electrons to 
transfer faster by at least 106 for both acetate and propionate, as compared to electron transfer in 
the control.  
Finally, the results indicate that methane production from glucose at 8 COD: 1 VS is critical even 
in the presence of magnetite, as compared to glucose COD:VS ratios of 4:1 and 2:1. This relates 
to a pH drop to an average 4.7 – 4.4 by increasing the glucose concentration up to 8 COD: 1 VS. 
It is concluded that magnetite cannot easily stimulate methane production from glucose at a high 
concentration. As such, the potential for using magnetite for enhancing glucose degradation is still 







 CHAPTER 7. EFFECT OF MAGNETITE ON METHANE 




Although glucose has been used as a substrate to study the methane potential associated with 
adding several conductive materials, magnetite has not been used to enhance the methane 
production in the present of glucose. The previous experimental results indicated that magnetite 
did not stimulate methane production from glucose at 8 COD: 1 VS (as compared to COD:VS 
ratios of 2:1 and 4:1). To further investigate the potential of adding magnetite to enhance methane 
production from glucose, however, batch tests were conducted by adding 0, 2, 7 and 20 mM of 
medium-magnetite at two different concentrations of glucose corresponding to initial COD:VS 
ratios of 3:1 and 6:1 while the volatile solids (VS) concentration was fixed in all bottles at 1.5 g/L. 
All anaerobic batch tests were run in triplicate. The experimental design is shown in Figure 7.1. 
Data was presented as mean ± standard deviation of triplicates. As the experiment had two levels 
of glucose concentrations (COD:VS of 3:1 and 6:1) and four levels of magnetite concentrations 
(0, 2, 7, and 20 mM), the data was evaluated in a 2 × 4 factorial arrangement through statistical 
analysis of two-way of variance (ANOVA) using a general linear model (GLM) procedure of SAS 
(2015). The data was analyzed by two-way ANOVA to determine the main effects and their 
interaction. Differences were considered to be significant at P < 0.05 and significant differences 










Figure 7.1. Experiment design to investigate the potential of adding magnetite to enhance the 
glucose degradation. The volatile solid (VS) in all batch experiments was 1.5 g/L. Blank bottles 
did not have magnetite or glucose, Control bottles had glucose and no magnetite and finally 






















Blank bottles (no magnetite and no substrate) produced methane and reached a maximum of 3.26 
± 0.09 mmole/g VS. This amount was too low so it was neglected (Figure 7.2). 
 
 
Figure 7.2. Methane production profile from blank bottles where no magnetite and no glucose 
were added to the bottles. 
 
The methane production profiles from glucose at different concentrations is shown in Figure 7.3. 
The profiles (mmole CH4/g VS) indicate that the methane production in all bottles started at day 
25 and reached a plateau at day 40 at 2.8 g/L of glucose concentration (3 COD: 1 VS) whereas it 
started after 28 days in all bottles at 5.8 g/L of glucose concentration (6 COD: 1 VS). However, at 
the different glucose concentrations, the highest production of methane was observed in the 7 mM 
and 20 mM magnetite-supplemented bottles. On the other hand, Figure 7.3 shows that an increase 
in the glucose concentration up to a 6:1 COD:VS ratio, inhibited the methane production in all 
bottles as compared to 3 COD: 1 VS. This indicates that both the concentration of glucose as well 

































Figure 7.3. Methane production from glucose over the incubation time. Ratio (3:1) and Ratio (6:1) 
represent methane production from glucose at 3 COD: 1 VS and 6 COD: 10 VS ratios respectively. 
The symbols ▲, ■, ●, and o represent the control, 2 mM of magnetite, 7 mM of magnetite, and 20 
















































Table 7.1 presents the methane production kinetic parameters in terms of maximum methane 
production rate (mmole/g VS/ d), lag phase duration (day), maximum cumulative methane 
production (mL) and methane yield (mole methane produced per mole substrate added). Table 7.1 
shows that the coefficient of determination (R2) values (obtained by fitting a modified Gompertz 
model to the experimental methane-accumulation curves by non-linear regression using SPSS 
software) were between 0.95 – 0.99. This indicates that a non-linear regression fits the data in 
comparison to the simple average. Table 7.1 also shows the standard deviation (SD) and standard 
error (SE) for each methane parameter (rate, lag phase, cumulative methane produced and yield). 
 
The maximum methane production rate decreased when the glucose concentration was increased 
from 3 COD: 1 VS to 6 COD: 1 VS; however, the reduction in the maximum methane production 
rate in the presence of magnetite was less than that in the absence of magnetite. Table 7.1 indicates 
that the interaction between magnetite concentration and glucose concentration for the maximum 
methane production rate is 0.680 (higher than 0.05) and in this case the superscripts (a,b) are shown 
at the main effect values. Table 7.1 shows that by increasing the glucose COD:VS ratio, the 
maximum methane production rate significantly decreased by 1.7 times and 1.9 times in the 7 and 
20 mM of magnetite-supplemented bottles, respectively; whereas it significantly decreased by 7.6 
times in the control bottles.  
 
The lag phase duration strongly depends on the substrate concentration; as the substrate 
concentration increases the lag phase increases. However, the increase in the lag phase duration 
with the presence of magnetite was less than that in the absence of magnetite. Table 7.1 shows that 
increasing the glucose concentration from 3 COD: 1 VS  to 6 COD: 1 VS significantly extended 
the lag phase in the range of 2 to 11 days in the magnetite-supplemented bottles; whereas  the lag 








On the other hand, the present results indicate that magnetite under a specific glucose 
concentration, significantly increases the maximum methane production rate and reduces the lag 
phase as compared to the control. Table 7.1 shows that in the magnetite-supplemented bottles (at 
7 and 20 mM), the methane production rate from glucose at a COD:VS ratio of 3:1 was 1.5-fold 
and 2-fold respectively as compared to the control. In addition, it was 9.2-fold and 9.5-fold 
respectively at 6 COD: 1 VS, as compared to the control. However, 2 mM of magnetite did not 
show any enhancement at both COD:VS ratios, as compared to the control. In addition, Table 7.1 
shows that the lag phase time in all the magnetite-supplemented bottles was significantly shorter 
(on average 4 days at 3 COD: 1 VS and (16.8 - 25.5 days) at 6 COD: 1 VS), as compared to the 








Table 7.1. The effect of magnetite addition on methane production kinetic parameters from 
glucose at two different concentrations 














3:1        
 0 3 0.91 ± 0.43 28.33 ± 1.53c 62.93 ± 5.81a,b 0.93 ± 0.09a 0.98 
 2 3 1.31 ± 0.07 24.00 ± 1.00d 66.75 ± 1.43a,b 0.99 ± 0.02a 0.97 
 7 3 1.79 ± 0.07 24.00 ± 0.00d 61.74 ± 2.11a,b 0.92 ± 0.03a 0.99 
 20 3 2.10 ± 0.18 24.00 ± 0.00d 60.17 ± 5.56a,b 0.89 ± 0.08a 0.99 
        
6:1        
 0 3 0.12 ± 0.04 52.12 ± 3.35a 2.96 ± 0.38e 0.02 ± 0.00c 0.95 
 2 3 0.18 ± 0.03 26.59 ± 1.82c,d 17.29  ± 2.49d 0.13 ± 0.02c 0.97 
 7 3 1.08 ± 0.73 35.30 ± 2.55b 43.76 ± 17.46c 0.32 ±0.13b 0.98 
 20 3 1.12 ± 0.25 29.92 ± 1.04c 51.27 ± 2.53b,c 0.38 ±0.02b 0.98 
        
Standard Error  0.185                  1.030 4.024 0.037  
Main effect       
Magnetite concentration       
0 6 0.516b 40.23 32.95 0.478  
2 6 0.741b 24.96 42.02 0.561  
7 6 1.434a 29.65 52.75 0.621  
20 6 1.612a 26.95 55.72 0.637  
       
Glucose concentration       
3:1 12 1.528a 25.08 62.9 0.93  
6:1 12 0.624b 35.98 28.82 0.215  
P- value  
Magnetite concentration 0.0001 0.0001 0.0001 0.0001  
Glucose concentration 0.0001 0.0001 0.0001 0.024  
Interaction (Magnetite x 




a,b,c,d,e means in the same column with different superscripts are significantly different (P < 0.05). N: 
is the number of observation. Rate: The maximum methane production rate (mmole/g VS/d), The lag 
phase time (days), CMP: Maximum cumulative methane produced (mL CH4), Methane yield: 
calculated at day 43 by dividing the cumulative mole of CH4 with the total mole glucose added, R
2: 1- 










Others have reported that the addition of magnetite increased the maximum methane production 
rate by 15.4 % and reduced the lag phase by 13.9 % (Yin et al., 2017). Similarly, Luo et al. (2015) 
found that biochar addition significantly increased the maximum methane production rate by 87 
%, 21 %, and 5.2 % and reduced the lag phase by 11 %, 30 % and 22 % at 4, 6 and 8 g/L glucose 
concentrations, respectively. In addition, Tian et al. (2017) revealed that the relative methane 
production rate from glucose was enhanced by up to 51.4 % with adding nano-graphene, as 
compared to the control. It has also been reported that the methane conversion efficiency increases 
by adding conductive materials to anaerobic digesters (Dang et al., 2016). For example, Namal 
(2019) calculated methane conversion efficiencies and found that the methane conversion 
efficiency using magnetite was higher (94 % vs 85 %) as compared to a control which is indicative 
of increased DIET mechanism by magnetite addition. Cruz Viggi et al. (2014) confirmed that 
higher electron transfer efficiency occurs when magnetite is added. Lin et al. (2018) stated that by 
adding biochar, electrons are transferred between electron-donating and electron-accepting 
organisms more rapidly (106 faster as compared to the control). These observations are in 
agreement with the results Section 6.2 where the ratio between electrons transfer via DIET and via 
H2 diffusion for propionate and acetate were 0.208 x 10
6 and 0.5 x 106 respectively. 
Increasing the concentration of glucose decreased the CMP and the methane yield; however, the 
reduction was less with magnetite addition as compared to the control. Table 7.1 shows that the 
reduction in CMP and methane yield were17.98 mL and 0.6 mole methane produced per mole 
glucose added in the 7 mM and 20 mM of magnetite-supplemented bottles; whereas the reduction 
in CMP and methane yield were 59.97 mL and 0.91 mole methane produced per mole glucose 
added in the control bottles. This agrees with a recent study showing that a low concentration of 
glucose (20 %) was more efficient for methane production; while increasing the glucose 
concentration up to 80 % resulted in a methane yield reduction by 42 % (Guo-Qin, Fang et al. 
2016). At the same time, the calculated values for the main effect were 0.934 and 0.215 mole 
methane / mole glucose added for 3 COD: 1 VS and 6 COD: 1 VS, respectively, which are less 
than the theoretical value (3 mole methane / mole glucose consumed). This difference relates to 
the methane yield at day 43, which may not be enough time to degrade the glucose completely into 







On the other hand, Table 7.1 indicates that under a specific glucose concentration of 3 COD: 1VS, 
no statistical difference in the CMP (on average 62.92 ± 2.73 mL CH4 ) and methane yield (on 
average 0.93 ± 0.04) between magnetite and control was observed (p > 0.05). At 6 COD: 1 VS, 
the cumulative production of methane and yield were significantly lower in the control, as 
compared to the magnetite-supplemented bottles. Chapter 6 agrees with these results, as discussed 
previously in Section 6.2.2. 
Table 7.1 indicates that the effect of magnetite on methane production from glucose depends not 
only on the glucose concentration but also on the magnetite concentration. The overall results of 
Table 7.1 indicate that adding 7 mM and 20 mM of magnetite significantly enhanced the maximum 
methane production rate, CMP and methane yield as compared with adding 2 mM of magnetite. 
In addition, a significant interaction between magnetite concentration and glucose concentration 
was relevant for the lag phase, CMP and methane yield.  
To study the effect the of adding magnetite (7 mM) and glucose concentration (3 COD: 1VS and 
6 COD:1 VS) on the methane production, the glucose concentration over the incubation time, the 
volatile fatty acid and pH were measured in the control that was conducted without magnetite and 
the magnetite-supplemented bottles that had 7 mM of medium-sized magnetite. 
 Glucose Concentration over Time 
The results of the glucose concentration in the anaerobic serum bottles after 7 and 14 days of the 
incubation are shown in Figure 7.4. It is apparent that the glucose was fermented after a week into 
simple molecules in the presence of magnetite and that fermentation was 23.64 %  faster at 3 COD: 
1 VS and 55.32 %  faster at 6 COD: 1 VS, as compared to the control. Fig 7.4 (a) also shows that 
the glucose amount was completely fermented after 14 days in all the bottles except the control 
bottles which still had 0.006 mg/L of glucose at ratio of 3 COD: 1 VS. 
These results indicate that magnetite has the ability to enhance the degradation of glucose over a 
two week period agreeing with the hypothesis of faster degradation of glucose to smaller organic 











Figure 7.4. Glucose concentration in the anaerobic serum bottles. (a) and (b) represent the 
glucose at 3 COD: 1 VS and 6 COD: 1 VS respectively. The control was run without magnetite 










































































































 VFA Production  
Figures 7.5 and 7.6 indicate that propionate and acetate were the major VFAs, accumulated during 
the glucose degradation over 52 days of incubation. Butyrate, however, was observed only in the 
control bottles at day 45 as shown in Figure 7.7.  
Volatile fatty acid accumulation was substantially less in the presence of magnetite; however, the 
amount of accumulation was also directly related to the glucose concentration. As shown in Figure 
7.5, in the presence of magnetite, propionate reached a peak concentration higher and earlier (4660 
mg/L after 25 days vs 2700 mg/L after 28 days) before being completely degraded (day 45 vs day 
52), as compared to the control. As well, acetate reached a peak concentration higher and earlier 
(322 mg/L after 25 days vs 259 mg/L after 28 days) indicative of faster production from glucose. 
The acetate was depleted sooner (day 39 vs day 45), as compared to the control ,indicative of faster 
conversion into methane. 
In contrast, when the glucose concentration was increased to 6 COD: 1 VS (Figure 7.6); the 
propionate concentration was similar in all bottles reaching a peak at day 28. After that, it was 
degraded faster in the magnetite-supplemented bottles, as compared to the control. The acetate 
concentration was higher in the control (until day 28) and after that the acetate concentration peak 
was similar in all bottles (700 mg/L) and then was depleted faster in the magnetite-supplemented 
bottles, as compared to the control. Although increasing the glucose concentration resulted in VFA 
accumulation (Figure 7.6), the propionate concentration in the magnetite-supplemented bottles 
was around 66.7 % lower (600 vs 1802 mg/L at day 52), as compared to the control. In addition to 
all these results, butyrate (Figure 7.7) was observed at day 45 in the control bottles (28.6 mg/L at 











Figure 7.5. Propionate and acetate concentrations as mg/L over 60 days of anaerobic serum 
bottles cultivated by glucose at 3 COD: 1 VS. The symbols ● and Δ represent the control and 7 






































































Figure 7.6. Propionate and acetate concentrations as mg/L over 60 days of anaerobic serum 
bottles cultivated by glucose at 6 COD: 1 VS. The symbols ● and Δ represent the control and 7 











































































Figure 7.7. Butyrate concentration as mg/L at day 45 of control bottles cultivated by glucose. 
The orange and blue columns represent the butyrate concentration 3 COD: 1 VS and 6 COD: 1 
VS of glucose respectively. 
 
Finally, Figure 7.8 shows the pH value at day 45 in all bottles. At a glucose concentration of 3 
COD: 1 VS, all the bottles had almost neutral pH (~ 7). By increasing the glucose concentration 
to 6 COD: 1 VS, the pH dropped in all bottles with the lowest pH in the control bottles. 
  
 
Figure 7.8. The pH value of liquid medium in the serum bottles that contained glucose as a 
substrate. The pH value was measured at day 45 (the end of incubation) for the control and 






















































































The previous results indicate that faster production and consumption of VFA occurs in the 
presence of magnetite and this consequently enhances the stability of the anaerobic process by 
preventing rapid pH drop. Yin et al. (2017) reported that magnetite enhanced VFA production (the 
propionic concentration was 244.9 ± 11.9 mg/L at hour 3 in the magnetite bottles whereas it was 
just 219.9 ± 10.8 mg/L at hour 5 in the control bottles). In addition, VFA consumption was faster 
(at hour 9, the propionic acid concentration was 56.2 ± 7.9 mg/L and 134.5 ± 23.4 mg/L in the 
magnetite and control bottles respectively). Luo et al. (2015) also showed that increasing the 
concentration of glucose from 2 - 8 g/L increased the VFA accumulation; however, they reported 
that the VFA formation and degradation were simultaneously stimulated by adding biochar (1.3–
1.6 times for acetic acid and 2.6 times for propionic acid), as compared to the control. Furthermore, 
adding graphene caused a significant decrease in the acetate concentration ( 88.9 % of the control) 
(Tian et al., 2017). These results indicate that VFA production and consumption depend on glucose 
concentration and the presence of magnetite. In addition, these results suggest that magnetite 
supplementation facilitates not only DIET but also affects the hydrolysis/acidification process. 
In contrast, Yan et al. (2017) studied the effect of conductive materials (i.e. carbon nano-tube 
(CNT) and granular activated carbon (GAC)) on mesophilic anaerobic batch reactors fed with an 
initial glucose concentration of 1100 mg/L. There was no significant difference in methane 
production and glucose consumption rates in the control and conductive materials reactors. As 
well, no VFA accumulation was observed in either reactors. These findings are similar to the 
findings of Zhao et al. (2017) who ran semi-continuous reactors using glucose as a substrate with 
the supplementation of a conductive carbon cloth. Namal (2019) also showed that there was no 
significant difference in the total methane production rate from glucose between reactors using 
commercial magnetite (0 –75 μm) and a control reactors. There was, however, a significant 
decrease in the lag time in the magnetite reactor (0.65 vs 1.28 days), as compared to the control 
reactor.  These observations are very likely due to glucose being  a more complex substrate than 
acetate and propionate for anaerobic communities. Table (7.2) shows that glucose is metabolized 








Table 7.2. Main reactions presented in methanogenesis (adapted from (Liu et al., 2016)).  
Substrate  Reaction  
  
Acetate CH3COOH → CH4 + CO2 
Propionate CH3CH2COOH + 2H2O → CH3COOH + CO2 + 3H2 
Glucose C6H12O6→ CH3CH2CH2COOH + 2CO2 + 2H2  
C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2  
C6H12O6 + 2H2→ 2CH3CH2COOH + 2H2O 
 
 
The microbial community analysis was based on taxonomic composition obtained by sequencing 
the 16S rRNA genes (See Appendix I for details). The initial seed sludge as well as sludge from 
the incubated bottles under glucose ratios of 3 COD: 1 VS and 6 COD:1 VS were analysed after 
two and eight weeks of incubation. 
Figure 7.9 and Figure 7.10 show the operational taxonomic unit (OTUs) and community diversity 
respectively. The OTUs in the magnetite treatments after 2 weeks and 8 weeks at 3 COD: 1VS 
ratio was higher by 7 % and 3 % respectively than that in the control. When the glucose 
concentration was raised (at 6 COD: 1 VS) there was a corresponding increase in the OTUs in the 
control after 2 weeks however in this case magnetite had no effect. This indicates that the driving 
factor for growth of the microorganisms is the glucose concentration. That is to say, the 
microorganisms that feed on glucose benefited by the higher concentration of glucose and grew 
more. In addition, Figure 7.10 shows the microbial diversity in each batch test bottle. Both, the 
Shannon index and the inverse Simpson showed a similar trend. The value of the Shannon diversity 
index was initially around 4.8 and then there was an increase with time in the control at 3 COD: 1 
VS ratio. This is likely due to the microorganisms having more time to grow as well as glucose to 
feed. In this case, magnetite did not seem to increase the diversity. When the glucose concentration 







but increased in the magnetite additions. Furthermore, the diversity of micro-organisms as 
indicated by the Shannon Index in magnetite-treated samples after 2 weeks and 8 weeks was higher 
by 2 % and 10.6 % respectively, than the diversity compared to the control and even the diversity 
compared to the glucose at 3 COD: 1 VS ratio. It is worth noting that this is not actually reflecting 
a specific change in methanogen cultures; but more a reflection on the change in the whole 
community including also fermentative bacteria which grow faster than methanogens in additions 
to being able to use glucose as a source of carbon. The results indicate therefore that the 
supplementation of magnetite to digested sludge increased the diversity of bacterial communities. 
In addition, the microbial population increased as soon as glucose became available (Figure 7.4); 
however, once glucose became unavailable (after two weeks) the population started to decrease. 
This correlated to a change in VFA concentration (Figure 7.5) (i.e. the concentration of VFA 
started to accumulate from day 14).  
The archaeal and bacterial community composition is shown in Figure 7.11 and Figure 7.12 
respectively. The results indicate that Methanothermobacter (i.e. a typical hydrogenotrophic 
methanogen) and Methanosarcina (i.e. a methanogen that produces methane using all three 
metabolic pathways of methanogenesis) were the predominant methanogens in all bottles.  The 
initial relative ratio of Archaea did not change after two weeks of incubation due to the slow growth 
rate of Archaea. After eight weeks of incubation, the abundance of total Methanothermobacter in 
the magnetite bottles was 1.4 times at 3 COD:1VS and 2 times at 6 COD: 1VS higher than that in 
the control.  The abundance of Methanosarcina was 3 times at 3 COD: 1 VS and 10.5 times at 6 
COD: 1 VS higher than that in the control. The total ratio of Methanothrix at glucose ratio of 3 
COD: 1 VS increased in the magnetite bottles by 1.7 times as compared to the control bottles. This 
data seems to reflect a more stabilized anaerobic environment in the magnetite bottles. However, 
the total ratio of Methanothrix at 6 COD: 1 VS in the magnetite bottles decreased by 3.2 times as 
compared to the control bottles. Mathanospirillum was enriched in both controls after eight weeks 
but not in the magnetite treatments, probably as a result of being outnumbered by Methanosarcina 
and Methanothermobacter. On the other hand, after eight weeks (as shown in Appendix I, Table 
I.1), increasing the glucose concentration from 3 COD: 1 VS to 6 COD: 1 VS resulted in an 







times in the magnetite supplemented bottles as compared with control bottles. These observations 
suggest that magnetite likely offers an appropriate environment for Methanosarcina and 
Methanothermobacter to flourish in an anaerobic digester. In addition, these results show that 
increasing the glucose concentration in the presence of magnetite enriched the 
Methanothermobacter and Methanosarcina community. Most studies have shown that adding 
magnetite improved the presence of Methanosarcina (Kato et al., 2012; Cruz Viggi et al., 2014; 
Yamada et al., 2015; Zhuang et al., 2015; Baek et al., 2016; Yang et al., 2016; Jing et al., 2017). 
In addition, Yan et al. (2017) reported that in a glucose co-culture, Methanothermobacter was the 
most abundant in all reactors. They also reported that Methanosarcina in granular activated carbon 
(GAC) and carbon nanotube (CNT) groups were almost two times more abundant than that in 
control groups. The authors attributed the enhanced methanogenesis mainly to electric syntrophy 
rather than the electron shuttling of soluble iron. 
Coprothermobacter, Lutaonella and Rectinema genus were the dominant bacterial genera (i.e. > 
2.7%) and quite similar in all bottles. Gagliano et al. (2015) revealed that Coprothermobacter spp. 
can establish a syntrophy with hydrogenotrophic archaea to improve protein degradation, or they 
play as a source of thermostable enzymes. In this study the total ratio of Bacteroidales, 
Defluviitoga, and Thauera were less than 0.8 % whereas Yamada et al. (2015)  and Yang et al. 
(2016) observed that these genera were the dominant sequences in the magnetite supplement in an 
anaerobic culture. This difference is likely due to using different sludge in which these genera were 
present in a lower proportion.  
In this study, a relative higher abundance of Acetomicrobium (i.e. an acetic acid producing 
bacteria) was observed in the magnetite bottles as compared to the control. It is worth noting that 
Clostridia (i.e. a glucose fermentative anaerobic bacteria) was less than 1 % (see Appendix I for 
details) in all bottles except in the magnetite bottles after eight weeks at glucose ratio of 3 COD: 
1 VS. In addition, the relative abundance of Clostridia was not changed by increasing the glucose 
concentration from 3 COD:1 VS to 6 COD:1VS. These results suggested that Clostridia was not 
enriched at high concentration of glucose regardless of the addition of magnetite. Moreover, it has 







connection with Methanosarcina barkeri in the conversion of CO2 to methane (Rotaru et al., 2014). 
However, Geobacter species were absent or present in low percentages (< 0.2 % in the magnetite 
bottles after 2 weeks). This may suggest that other microorganisms participated in DIET. Also, it 
is possible that magnetite acts as an electron acceptor (i.e. in the propionate oxidation) or an 
electron donor (i.e. in the direct reduction of CO2 to CH4) rather than promoting DIET (Su et al., 
2013; Yang et al., 2016; Abdelsalam et al., 2017). 
The above results indicate that an increase in the glucose concentration sustains a higher microbial 
growth. However, in the present of magnetite, increasing the glucose concentration from 3 COD: 
1 VS to 6 COD: 1VS resulted in improved the activity of methanogens with the highest enrichment 
of Methanosarcina (i.e. a methanogen that produces methane using all three metabolic pathways 
of methanogenesis) and some bacteria such as Cryptanaerobacter, Thermoclostridium, 
Pelotomaculum, Acetomicrobium, Thauera, Sedimentibacter, and Desulfofundulus. These results 
indicate that magnetite particles in combination with the concentration of glucose had a clear effect 
on the structure of the microbial community probably by facilitating the DIET pathway. 
Akarsubasi et al. (2005) mentioned that changes in the microbial community structure can lead to 
changes in metabolic functioning in a bioreactor as the functional attributes of a biological process 






















































































































Figure 7.12.  Bacterial community structure at genus level. Genus level with relative abundance 






















Coprothermobacter Lutaonella Rectinema Tangfeifania
Gelria Sunxiuqinia Smithella Leucobacter
Sporosarcina Bacteroides Defluviitoga Acetomicrobium
Desulfobulbus Sedimentibacter Clostridium Desulfofundulus
Desulfovibrio Cryptanaerobacter Thermoclostridium Pelotomaculum








There is the potential for adding magnetite to enhance methane production from glucose at high 
concentrations. 
The overall results indicate that increasing the glucose concentration from 3 COD: 1 VS to 6 COD: 
1 VS, results in a decrease in the maximum methane production rate and an increase in the lag 
phase duration in all bottles. The reduction in the maximum methane production was on the 
average 1.8 times in the magnetite-supplemented bottles and 7.6 times in the control bottles; in 
addition, the increase in the lag phase duration was in the range of 2 days to 11 days in the 
magnetite-supplemented bottles and was 24 days in the control bottles. The results also show the 
ability of magnetite to enhance the fermentation of glucose (23.64 % faster at 3 COD: 1 VS and 
55.23 % faster at 6 COD: 1VS), as compared to the control. These results indicate that adding 
magnetite enhances the methane production rate and decreases the lag phase duration as compared 
to the control.  
Both cumulative methane production and methane yield depend on the incubation time. It appears 
that a large amount of methane was produced within a short period in the magnetite-supplemented 
bottles as compared to the control; however, should the control bottles had been left incubating for 
longer, they might had produced as much methane as in the magnetite-supplemented bottles did. 
Acetate and propionate were the main volatile fatty acids produced from glucose fermentation. 
The accumulation of VFA increased by increasing the glucose concentration; however, it was less 
in the magnetite-supplemented bottles as compared to the control. In addition, increasing the 
glucose concentration resulted in a pH drop, with the lowest pH in the control bottles.   
The overall results indicate that magnetite performance depends on the concentration of glucose 
which plays an essential role in anaerobic digestion stability because it affects the VFA production 
and accumulation rates and the pH level. Glucose as a substrate seems to be a complex organic 
and therefor requires a suitable environment to be converted into methane. As such, it is important 
to provide a suitable concentration of glucose (3 COD: 1 VS) to achieve the maximum methane 








 CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 
 
 
This research has examined the potential for magnetite to enhance methane production by serving 
as electrical conduits in the anaerobic digestion process. Results indicate that to achieve the highest 
methane production possible, attention should be paid to the magnetite characteristics (i.e. particle 
size and concentration), the sludge age (i.e. condition of inoculum) and the substrate concentration 
and type. More specifically, the following conclusions arise from this research: 
Adding magnetite of small (50-150 nm) and medium (168 to 490 nm) size ranges seem to increase 
the methane production rate and shorten the lag phase. Conversely, large particle sizes (800 nm to 
4.5 µm) should be avoided. Magnetite concentrations of 2 mM, 7 mM, and 20 mM showed a 
positive effect on methane production. However, the effect of both magnetite size and 
concentration is related to the inoculum age. To enhance methane production in the presence of 
magnetite, the sludge should be used fresh where the microoganisms would be expected in 
exponential growth.  Magnetite exerts the highest effect on the maximum methane production rate 
from the fresh sludge (P- value of control versus adding magnetite was 0.0001 < 0.05) as compared 
to that from degassed sludge (P- value of control versus adding magnetite was 0.079 > 0.05).  
In addition, the stimulatory effect of magnetite on methane production requires the presence of 
substrate. By increasing the substrate COD:VS ratio from 2:1 to 4:1 in the presence of magnetite, 
the maxium methane production from acetate and glucose (but not propionate) increased as 
compared to when magnetite was absent. In addition, by increasing the acetate COD:VS ratio from 
4:1 to 8:1 and by increasing the propionate COD:VS ratio from 2:1 to 4:1 and then to 8:1, in the 








The maximum methane production rate decreases, and the lag phase duration increases when the 
glucose concentration is increased from 3 COD: 1 VS to 6 COD: 1 VS in all bottles (with and 
without magnetite). However, the reduction in the maximum methane production and the increase 
in the lag phase duration were less in the magnetite-supplemented bottles (on the average 1.8 times 
and in the range of 2 days to 11 days) as compared to the control (7.6 times and 24 days) in the 
control bottles. In addition, in the presence of magnetite, the fermentation of glucose was 23.64 % 
faster at 3 COD: 1 VS and 55.23 % faster at 6 COD: 1VS, as compared to the control. Moreover, 
adding magnetite results in decrease both the VFA accumulation and a pH drop. That is, magnetite 
seems to ameliorate the negative effects of overloading the anaerobic digester with readily 
fermentable substrate such as glucose. 
The highest value of the maximum methane production rate in the presence of magnetite was 
produced from acetate as compared to that from propionate and glucose. However, The results 
suggest using acetate with the concentration up to 4 COD: 1 VS or propionate with the 
concentration up to 8 COD : 1 VS. Further study is needed on the effect of glucose concentration 
on methane production when it is 6 COD: 1 VS or more.  
Overall, the highest maximum methane production rate (1.33 - 3.4 times) and the shortest lag time 
(15.38 % - 53 %) were obtained in the magnetite-supplemented bottles. This suggests that DIET 
via magnetite is faster than IET via hydrogen for methane formation. This was supported by 
theoretical calculations of the maximum electron carrier fluxes via magnetite through acetate and 
propionate degradation. These were at least 106 higher than that via IET. The application of 
magnetite appears as a good strategy to turn anaerobic digester more resilient to disturbance caused 
by high substrate concentration, VFAs accumulation and pH dropping. These finding may have a 
broad impact on the operation of a full-scale anaerobic digester operations (i.e. minimizing the lag 
phase, increasing the methane production rate, and reducing the impact of VFA accumulation) as 











Although the theoretical calculations show that electron transfer in the presence of magnetite was 
higher than that in the absence, these calculations were done under several assumptions (i.e. 
interbacterial distance, the average diameter and the spherical shape of both acetogen and 
methanogen, the electrons released are transferred to a methanogen via an electron conduit 
consisting of magnetite particles, and the electrical conduit was assumed to be a wire). Further 
experiments using an electrolytic cell (i.e. two electrodes, the anode and the cathode, which are 
solid metals connected to an external circuit that provides an electrical connection between the two 
parts of the system) could measure the electrical currents in the presence and in the absence of 
magnetite (Figure 8.1) to confirm these assumptions. 
 









Using either acetate or propionate as substrates has a positive effect on methane production in the 
presence of magnetite. However, the results indicate that the potential for adding magnetite to 
enhance methane production from glucose still needs further investigation. For example, it still 
unclear whether magnetite (as is the case of semi-conductive Fe (III) oxide) can help to decompose 
complex organics. Thus, further investigations should be conducted using glucose under 
conductive Fe (III) oxide-supplemented and magnetite conditions to examine the factors that affect 
glucose degradation.  
To address the hypothesis that suggests “in the presence of magnetite the more robust 
methanogenic degradation of substrate is ultimately due to the presence of a more abundant and/or 
active methanogenic population”, further investigations are needed to study the relative amount of 
bacteria and maximum hydrogenophilic methane production rate in the presence and absence of 
magnetite. 
Soluble microbial products (SMP) and extracellular polymeric substances (EPS) produced by 
microorganisms have the potential to act as the electron shuttle between microorganisms and 
conductive materials (Zhu et al., 2017). Further investigations are needed to study the production 
of EPS or SMP by anaerobic microorganisms exposed to magnetite. 
In addition, so far, most experiments on the effect of magnetite have been conducted using 
bacterial enrichments from paddy soil samples and anaerobic methanogenic cultures from 
municipal wastewater treatment plants. Granular activated carbon has been shown to have the 
ability to enhance methane production from up-flow anaerobic sludge blanket reactors (UASB), 
thus, adding magnetite to UASB could produce positive results in terms of methane production. 
There is also a need for addressing the practical aspects of using magnetite in industrial scale 
anaerobic digesters. For example, the optimal dosage and application frequency of magnetite in a 
specific situations should be identified. Similarly, the recovery of magnetite nanoparticles to avoid 
iron accumulation in a system especially with repeated applications, should be investigated. In 




Appendix A. The Characterization of Magnetite Nanoparticles 
 
Figure A.1. Fe2p XPS patterns for the reference sample (a), and the prepared sample (b). Fe2p3/2 








Figure A. 2. SEM images of the reference sample (a), and the prepared sample (b) at different 
bar scales. SEM images of (a1 and b1) at 100 µm, (a2 and b2) at 20 µm and (a3 and b3) at 2 µm 
Size diameter (FEI ESEM Details):  Model: FEI Quanta 200 F    (FEG = Field Emission Gun). 
Manufactured in The USA. The EDS detector was SiLi (Lithium drifted) with a Super Ultra Thin 
Window,  Peltier stage (2°C – 50°C), High temp stage (70°C – 1400°C). EDS Detector:  The 
following conditions may all be recorded on the data bar of your images at the time you take them: 
Voltage, Spot Size, Magnification, Detector type, Working Distance, Pressure, Temperature, 
Time/Date, Scale bar, Sample name. Attachments: EBSD Detector Peltier stage (2°C – 50°C) High 









































Appendix B. Physico-Chemical Characterisation 
All TS and VS analyzes were completed within 48 hours where calculated as follows:  
𝑇𝑆 (𝑚𝑔/𝑙) =   
[𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] 𝐴𝑡 105℃ −  𝑀𝑎𝑠𝑠(𝑑𝑖𝑠ℎ)
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
                                                                 (1) 
𝑇𝑆 %           =   
[𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] 𝐴𝑡 105℃ − 𝑀𝑎𝑠𝑠(𝑑𝑖𝑠ℎ)
[𝑀𝑎𝑠𝑠(𝑤𝑒𝑡+𝑑𝑖𝑠ℎ)] −  𝑀𝑎𝑠𝑠(𝑑𝑖𝑠ℎ)
∗ 100%                                                   (2) 
𝑉𝑆 (𝑚𝑔/𝑙) =   
[𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] 𝐴𝑡 105℃ − [𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] 𝐴𝑡 550℃
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
                                     (3) 
𝑉𝑆 %           =   
[𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] 𝐴𝑡 105℃ − [𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] 𝐴𝑡 550℃
[𝑀𝑎𝑠𝑠(𝑠𝑜𝑙𝑖𝑑𝑠+𝑑𝑖𝑠ℎ)] 𝐴𝑡 105℃ −  𝑀𝑎𝑠𝑠(𝑑𝑖𝑠ℎ)
∗ 100%                     (4)  
 
Figure B. 1. Titration procedure to adjust pH of propionic acid by adding NaOH. 
  







Appendix C. Biogas Calibration Curves  
 
Table C. 1. The Calibration curves for both carbon dioxide and methane gases 




% CH4 % CO2 Volume of standard 
gas  (mL) 
Volume of air 
gas  (mL) 
CH4 CO2 
1 15 7.5 2.5 7.5 10.55 10.2 
2 30 15 5 5 514.28 399.69 




Figure C.1. The calibration curves for individual biogas composition. 


































Appendix D. Example of Methane Calculation as mmole/g VS 
Table D.1. Sample of methane calculation as mmole/g VS. 









































































































































































































0 100 20 45 4 0 0 0 0 0 0 0 0 0 
1 100 20 45 4 0.3 3.89 4.3 2.05 0.17 0.17 2.05 2.05 0.47 
2 100 20 45 4 0.2 6.90 4.2 3.55 0.29 0.46 3.72 3.55 0.86 
 
Gas removed (Gas sample (ml) + Over pressure (ml)) 
Headspace volume at RTP= (Gas removed / Gas sample (ml))* (Headspace volume (ml) + Gas 
sample (ml)) 
Headspace methane (ml) RTP = (Headspace volume at RTP* Methane (%))/ 100 
Methane removed in sample (ml) = (Gas removed* Methane (%) /100) 
Cumulative methane removed (ml) at day N = (Cumulative methane removed (ml) at day (N-
1) + (Methane removed in sample (ml))  
Cumulative methane produced (ml) at day N = ((Headspace methane (ml) RTP+ Cumulative 
methane removed (ml) at day (N-1)) 
Methane mmole/ L = ((1* cumulative methane produced ml /1000))/ (0.0821*293.15)/ ((Mass 
media (g) + Mass Inoculum (g)))*1000000 




Appendix E.  Evaluation of the Experimental Methane Production 
and the Predict Value (Modified Gompertz Model) 
1. Import the experiment data into the SPSS sheet 
 
2. Choose analyze, nonlinear regression 
 
 
3. Insert the Gompertz equation and estimate initial parameters of R ( rate) and L (lag phase), 



















5. To predict the value of methane, choose Transform then choose the compute value. 
 
 











6. Apply the estimated values of R and L in Gompertz equation, then press ok 
 
 










Appendix F. COD Equivalent Calculation’s Sample  
As the chemical formula for all carbon sources that were used as microorganisms’ food is 
known (𝐂𝐧𝐇𝐚 𝐎𝐛), the COD equivalent was calculated by the following stoichiometry of complete 
oxidation: 




𝟐⁄  )𝐎𝟐   →    𝐧𝐂𝐎𝟐  +   
 𝐚
𝟐 ⁄ 𝐇𝟐𝐎                                                        (𝟏)  
Where COD equivalent is a measurement of the oxygen equivalent of the organic matter content. The 
next example shows a sample of the COD calculation:  
In the preliminarily experiment, acetate (CH3COOH) was used, COD equivalent was calculated by the 




+ 𝟐𝑶𝟐(2 mole∗32 g
mole
)
→ 𝟐𝐂𝑶𝟐(2 mole∗56 g
mole
)




According to this stoichiometry and by relative molecular mass, each 60.05 g of acetate requires 
64 g of O2 to be completely oxidized.  Therefore, for  (𝑋) g/L of acetate, the COD is 
𝐶𝑂𝐷𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =  
64 𝑔−𝑂2   ∗ (𝑋) 𝑔−𝑎𝑐𝑒𝑡𝑎𝑡𝑒/𝑙
60.05𝑔−𝑎𝑐𝑒𝑡𝑎𝑡𝑒 










Appendix G. Theoretical Calculation of Interspecies Electron 
Transfer via H2 Diffusion and via Magnetite-DIET 
In the present study, acetate and propionate were investigated for establishing DIET via magnetite 
in AD. For the calculations using acetate as a substrate, calculations used the following reactions 
(Fotidis et al., 2014): 
 Acetate− +  4H2O → 2HCO3
− + 9 𝐻+  + 8 𝑒−                                             ∆𝐺𝑂 
′ = +104.6 𝑘𝐽                                           
8 𝑒− +  𝐻𝐶𝑂3
− + 9 𝐻+  → 𝐶𝐻4  +   3𝐻2𝑂                                                       ∆𝐺𝑂 
′ =  −135.6 𝑘𝐽 
 
The concentration of acetate, methane and bicarbonate were assumed to be 0.0005 M, 2.04 x 10-5 
M and 0.03 M respectively (note that 9 H+ = 4 H2 + H
+).  
 
Using propionate as a substrate, the following reactions apply: 
4 Propionate− +  12H2O →  4 Acetate
− + 4 HCO3
−  + 24𝑒− + 28 H+              ΔGo' = +304.4 kJ 
27 H+ + 3 HCO3
−  +  24𝑒−  →   3 CH4  + 9 H2O                                                  ΔGo' = - 408 kJ 
 
The concentration of propionate, acetate, methane and bicarbonate were assumed to be 0.005 M, 
0.0005 M, 2.04 x 10-5 M, and 0.03 M respectively (note that 28 H+ = 12 H2 + 4H
+  and 27 H+ = 12 
H2 + 3 H
+ ). 
 
Table 6.5 shows the values of  theoretical calculation of interspecies electron transfer via H2 
diffusion and via Magnetite-DIET based on Fick’s diffusion law and the Nernst equation as 
reported by Cruz Viggi et al. (2014) and Lin et al. (2018). These calculations were done under 
several assumptions (i.e. interbacterial distance, the average diameter and the spherical shape of 
both acetogen and methanogen, the electrons released are transferred to a methanogen via an 
electron conduit consisting of magnetite particles, and the electrical conduit was assumed to be a 
wire). 
 







𝑖 =  𝐷𝑓 ∗  
𝑆𝑐𝑒𝑙𝑙
𝑑
∗  ([𝐻2]𝐻𝑖𝑔ℎ𝑒𝑠𝑡 − [𝐻2]𝐿𝑜𝑤𝑒𝑠𝑡) ∗ 𝑛 ∗ 𝐹 
where Df  : Diffusion coefficient of H2 in water; 4.5 x10
-9 m2/s, Scell : Surface area of the cell; 
(spherical with diameter of 2 x 10-6 m) 1.268 x10-11 m2, d : Distance between cells; 5 x10-7 m, n : 
Mol of electron per mole of H2, F : Faraday’s constant; 96485 s*A/mol, ΔG
ό : Standard Gibbs free 
energy change per reaction, R: 0.00831451 kJ/mol/K, and T: 308.15 K.  
The maximum electron transfer via magnetite - DIET was calculated based on the Nernst equation; 
𝑖 =  𝜎 ∗  
𝑆𝑐𝑜𝑛𝑑𝑢𝑖𝑡
𝑑
∗  (𝐸𝑚𝑒𝑡 − 𝐸𝑎𝑐𝑒) 
(𝐸𝑚𝑒𝑡 − 𝐸𝑎𝑐𝑒) =  
−∆𝐺′
𝑛 ∗ 𝐹⁄  
where σ : Electrical conductivity of magnetite; 2.5 x 10
6 Ω/m2, Sconduit: Cross-sectional area of the 
conductive material; (a wire with diameter of 168 – 490 x10-9 m), d : Distance between cells; 5 
x10-7 m, n : mol of electron per reaction, F : Faraday’s constant ; 96.485 kJ/mol.V, ΔGό : Standard 
Gibbs free energy change per reaction, R: 0.00831451 kJ/mol/K, and T: 308.15 K. 
 
As an example, for propionate degradation, the highest H2 concentration produced by acetogens 
and the lowest H2 concentration reached by methanogens would be: 




The Highest H2 concentration (1.0067 mol/m
3) was calculated as follows 








and the lowest H2 concentration (0.00289 mol/m











−]3 [𝐿𝑜𝑤𝑒𝑠𝑡 𝐻2]12 
) 
So, the maximum electron transfer via H2 was 2.21 x 10
-8 A. 
To calculate the maximum electron transfer via magnetite-DIET, assuming that the electrons are 
transferred through the overall reaction ( 4Propionate− + 3H2O →  4 Acetate
− +   3CH4 +
 HCO3

















Appendix H. Experimental and Predicted Methane Production by 
Modified Gompertz Model 
 
 
Figure H.1. Examples of evolution of experimental and predicted methane production by modified 






































































Appendix I. Microbial Community Compositions  
Archaeal community structure (A) and bacterial community structure (B) at specious level 
associated with different conditions as follows: 
 
Sample ID                                    Treatment 
UC.1.1                                 Initial sludge 
UC.2.1                   Control (3 COD:1 VS) at 2 weeks, 
UC.6.1                  Control (3 COD:1 VS) at 8 weeks, 
UC.4.1                  Magnetite (3 COD:1 VS) at 2 weeks 
UC.8.1                  Magnetite (3 COD:1 VS) at 8 weeks 
UC.3.1                   Control (6 COD:1 VS) at 2 weeks, 
UC.7.1                  Control (6 COD:1 VS) at 8 weeks, 
UC.5.1                  Magnetite (6 COD:1 VS) at 2 weeks 
UC.9.1                  Magnetite (6 COD:1 VS) at 8 weeks 








Figure I.1. Archaeal community structure (A) and bacterial community structure (B) at as 







Table I.1 Microbial community structure at genus level associated with different conditions. 












































































































































































































Archaea           
Methanothermobacter 0.4% 0.6% 1.6% 0.7% 2.3% 0.9% 1.5% 0.6% 3.0% 
Methanosarcina 0.5% 0.4% 0.1% 0.8% 0.3% 0.4% 0.2% 0.6% 2.1% 
Methanothrix 0.1% 0.6% 0.7% 0.5% 1.2% 0.2% 1.6% 0.2% 0.5% 
Methanospirillum 0.0% 0.0% 0.1% 0.0% 0.0% 0.00% 0.1% 0.0% 0.0% 
Bacteria          
Coprothermobacter 13.4% 18.7% 29.0% 21.3% 28.1% 18.6% 34.0% 22.4% 21.9% 
Lutaonella 10.4% 8.4% 6.4% 7.1% 6.3% 8.1% 5.2% 6.8% 6.1% 
Rectinema 7.4% 3.4% 5.2% 3.0% 5.8% 3.3% 3.0% 2.7% 3.7% 
Tangfeifania 
 1.9% 4.2% 1.7% 3.4% 1.6% 4.1% 1.5% 3.0% 
Gelria 1.1% 1.5% 3.0% 1.6% 3.3% 1.6% 3.0% 1.4% 3.0% 
Sunxiuqinia 1.0% 2.0% 3.7% 2.3% 2.3% 2.1% 2.9% 1.9% 2.1% 
Smithella 2.6% 1.1% 1.3% 1.2% 1.0% 1.2%  1.3%  
Leucobacter 0.8% 0.9% 1.6% 1.2% 1.7% 
 1.3% 0.9% 1.5% 
Sporosarcina 1.5%  0.9%  2.2%  0.9%  1.9% 
Bacteroides 1.2%       
 
 
Defluviitoga 1.0%        1.0% 
Acetomicrobium  0.9% 2.4% 1.2% 2.7% 1.1% 2.4% 1.2% 3.0% 
Desulfobulbus  3.5%  1.9%    1.3%  
Sedimentibacter  0.9%  0.9% 1.0% 0.9%  0.9% 1.5% 
Clostridium   0.9%  1.1% 
 0.9%  0.9% 
Desulfofundulus   0.9%  1.1%  0.9%  1.7% 
Desulfovibrio    0.9%  1.6%  2.0%  
Cryptanaerobacter       1.6%  2.4% 
Thermoclostridium         1.1% 
Pelotomaculum         1.7% 
Janthinobacterium      1.1%  0.9%  
Thauera      1.0% 
 1.6% 1.7% 
Pseudomonas   1.0%       
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Bacteria;__Firmicutes;__Clostridia;__Thermoanaerobacterales;__Thermoanaerobacterales Family 





















   
Bacteria;__Firmicutes;__Clostridia;__Thermoanaerobacterales;__Thermoanaerobacterales Family 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
Bacteria;__Proteobacteria;__Betaproteobacteria;__Burkholderiales;__Comamonadaceae;__'Geomo






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
Bacteria;__Verrucomicrobia;__Verrucomicrobiae;__Verrucomicrobiales;__Verrucomicrobia 
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